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ABSTRACT

Segmentation and crustal accretion at oceanic transform fault systems are
investigated through a combination of geophysical data analysis and geodynamical and
geochemical modeling. Chapter 1 examines the effect of fault segmentation on the
maximum predicted earthquake magnitude of an oceanic transform fault system. Results
of thermal modeling suggest that fault segmentation by intra-transform spreading centers
(ITSC) drastically reduces the available brittle area of a transform fault and thus limits
the available earthquake rupture area. Coulomb stress models suggest that long ITSCs
will prohibit static stress interaction between segments of a transform system and further
limit the maximum possible magnitude of a given transform fault earthquake. In Chapter
2, gravity anomalies from a global set of oceanic transform fault systems are investigated.
Surprisingly, negative residual mantle Bouguer gravity anomalies are found within fast-
slipping transform fault domains. These gravity observations suggest a mass deficit
within fast-slipping transform faults, which may result from porosity variations, mantle
serpentinization, and/or crustal thickness variations. Two-dimensional forward modeling
and the correlation of the negative gravity anomalies to bathymetric highs indicate crustal
thickness excesses in these locations. Finally, in Chapter 3, mantle thermal and melting
models for a visco-plastic rheology are developed to investigate the process of mantle
melting and crustal accretion at ITSCs within segmented transform faults, and are applied
to the Siqueiros transform fault system. Models in which melt migrates into the
transform fault domain from a large region of the mantle best explain the gravity-derived
crustal thickness variations observed at the Siqueiros transform. Furthermore, a mantle
potential temperature of 1350°C and fractional crystallization at depths of 9 — 15.5 km
best explain the major element composition variation observed at the Siqueiros transform.
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INTRODUCTION

The global mid-ocean ridges are segmented by more than 120 transform fault
systems. These transform fault systems are critical for accommodating the geometry of
the ridge system as well as crustal accretion. The primary focus of this Ph.D. thesis is
the investigation of oceanic transform faults using a multidisciplinary approach. Chapter
I explores the seismicity of oceanic transform faults and examines the relationship
between fault segmentation and earthquake rupture. Chapter 2 utilizes residual mantle
Bouguer gravity anomaly (RMBA) calculations, 3D thermal models, and 2D forward
models to investigate the structure of a global set of transform faults. Finally, in Chapter
3, I develop combined geodynamical and geochemical models to constrain melt generation
and extraction at segmented transform fault systems. Below, | present a brief description

of each of these studies and their primary conclusions.

In Chapter 1, I combine Coulomb static stress models with available geological and
seismicity data to illustrate the importance of fault segmentation in models of earthquake
interaction at oceanic transform faults. The 2D thermal models demonstrate that fault
segmentation decreases the maximum magnitude of earthquakes by decreasing the brittle
area thus limiting the fault rupture of the transform fault system [Gregg er al., 2006].
Coulomb static stress models are used to explore whether adjacent fault segments behave
independently of each other, and how their stress interaction depends on their offset
distance. 1 find that, if intra-transform spreading centers are sufficiently long, adjacent
transform fault segments will be decoupled and behave independently of each other. 1|
also demonstrate the likelihood of stress interaction between strike-slip earthquakes and
normal faults at nearby spreading centers. These findings are important for understanding

the seismic budget of oceanic transform faults.

In Chapter 2, I analyze 3D gravity anomalies for 19 oceanic transform fault
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systems globally. By evaluating transform faults from several mid-ocean ridge systems
using 3D gravity inversions, 3D thermal models, and 2D forward models, I show that
there is systematic variation in the gravity signature of oceanic transform faults as a
function of their slip rate [Gregg et al., 2007b]. The spreading-rate dependency of the
gravity anomalies is especially evident at fast-slipping transform faults where I find more
negative RMBA values in comparison to the adjacent ridge axes. All previous studies of
slow-spreading mid-ocean ridges have shown more positive RMBA values within the
transform fault domain instead, indicating crustal thinning at the end of ridge segments and
focused crustal accretion at ridge segment centers [Kuo and Forsyth, 1988; Lin et al.,
1990]. Based on 2D forward models and available geological data, I propose that the
negative RMBA values observed at fast-slipping transform faults indicate that fast-
slipping systems have excess magma supply and increasing crustal production within the
transform fault domain. These findings directly contradict the classic models of crustal
accretion at mid-ocean ridges and require further investigation to determine the source of

the negative RMBA at fast-slipping transform faults.

In the final chapter of my thesis, I look at the process of mantle melting and melt
extraction at fast-slipping transform faults in an effort to explain the findings of increased
crustal accretion at these systems [Gregg et al., 2007b]. 1 combine thermal models of
segmented ridge-transform-ridge systems with fractional melting [Kinzler and Grove,
1992b; a; 1993] and fractional crystallization models [Yang et al., 1996]. The melt
migration model of Sparks and Parmentier [1991] is used to investigate the source region
of intra-transform spreading centers and examine two end-member melt aggregation
models of wide vs. narrow melt pooling regions. I apply these models to the specific case
of Siqueiros transform fault on the East Pacific Rise where there has been extensive
geological and geophysical mapping [Fornari et al., 1989; Carbotte and Macdonald, 1992,
Gregg et al., 2007b], as well as sampling via dredge and Alvin dives [Perfit et al., 1996;

Hays et al., 2004]. Our findings suggest that in order to explain the estimated crustal
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thicknesses indicated by the RMBA calculated at Siqueiros, melt must be pooled from
large distances into the transform fault domain. Furthermore, we find that a mantle
potential temperature of 1350C and fractional crystallization at depths of 9-15.5 km best
fits the geochemical observations at the Siqueiros transform fault system [Perfit et al.,
1996; Hays, 2004]. These melt migration models provide us with first-order insights into

the geological processes that may be occurring at the Siqueiros transform fault.

FUTURE DIRECTIONS

The research contained in this thesis is a starting point for the development of
many exciting projects for the coming years. In the future, I plan to extend my
investigation to study several first-order geological processes.

Coulomb stress modeling is an invaluable tool for estimating static stress transfer
following an earthquake or diking episode and determining likely locations for subsequent
events [e.g., King et al., 1994]. As part of this thesis, I successfully used stress models to
illustrate earthquake interaction at oceanic transform faults and the stress interaction
between strike-slip earthquakes and normal faults at nearby spreading centers [Gregg et
al., 2006]. It has also been suggested that stress transfer due to tectonic events can
stimulate interactions between volcanoes and earthquakes. In particular, recent research
on Hawaii has illustrated striking correlations between dike intrusions and earthquake
occurrence at Mauna Loa [Walter and Amelung, 2004; 2006; Amelung et al., 2007;
McGovern, 2007]. These techniques can also be applied to understanding continental
rifting; specifically, what is the stress interaction between dike injection during rifting
change and subsequent faulting events? For example, temporal and spatial seismicity
patterns along the East African Rift system indicate that there is ongoing stress
interaction between adjacent rift segments via diking and faulting events [Aronovitz et al.,

2007]. Increasing our understanding of how earthquakes and volcanoes interact in settings
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such as Hawaii and Africa is also important for aiding our ability to assess future hazards,
which is a direction I plan to pursue.

The spreading rate dependence of mid-ocean ridge morphology is widely
observed. Typical slow-spreading ridges are characterized by axial valleys and large
topographic variations, whereas fast-spreading ridges are generally associated with axial
highs and smoother topography [Macdonald, 1983]. However, in many locations it
appears that magma supply may play an even greater role in controlling the ridge
morphology than spreading rate. This paradox remains one of the first-order problems in
understanding the dynamics of mid-ocean ridges. For example, the Cleft segment of the
Juan de Fuca Ridge north of the 350 km-long Blanco transform fault has the morphology
of a fast-spreading ridge and is thought to be magmatically robust, while the Gorda ridge
to the south of Blanco, which is also spreading at a rate of 5.8 cm/yr, exhibits an axial
valley typical of a slow-spreading ridge and is considered magmatically starved [Embley
and Wilson, 1992; Hooft and Detrick, 1995]. Other examples include two adjacent
segments at ~18°S on the fast-spreading East Pacific Rise separated by a small non-
transform discontinuity [Sinton et al., 2002] and adjacent segments at ~114°E along the
intermediate spreading South East Indian Ridge (SEIR), which are separated by a 100
km-long transform fault [Cochran and Sempere, 1997; Buck et al., 2005; Gregg et al.,
2007b]. Not only is the apparent decrease in magma budget visible in the morphology of
these ridge segments, it is also observed in seismic and gravity data [Hooft and Detrick,
1995] as well as in the major and trace element geochemistry of lavas from these settings
[Rubin and Sinton, 2007]. At present it is unclear why adjacent segments spreading at the
same rate are in such stark contrast to each other, and our current understanding of the
physics behind mid-ocean ridge spreading does not fully address this problem. Possible
explanations may include thermal effects due to ridge offsets, regional tectonics, mantle
flow variations, mantle buoyancy [Buck et al., 2005], and mantle source heterogeneities. 1

plan to explore this research direction in the future.
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In chapter 3 of this thesis I have developed techniques for coupling geodynamical
and geochemical models, which can be constrained by geochemical and geophysical data to
examine the driving forces governing the magma budget of a ridge segment and the
resultant ridge morphology and geochemistry. These models can be further developed by
accounting for the effect of fractional melting and crystallization on the trace element
composition of extruded lavas at mid-ocean ridges. As part of my thesis work, we have
made significant advancements in understanding geodynamical models by coupling them
with fractional melting [Kinzler and Grove, 1992a, b; 1993] and fractional crystallization
models [Yang et al., 1996]. Incorporation of trace elements into these models will further
strengthen their capabilities and provide another independent variable for comparison
with geochemical observations, a direction that I am interested in exploring in
collaboration with geochemist colleagues.

Hydrated oceanic lithosphere is an important component of the subduction zone
system. It is widely accepted that water plays a fundamental role in the processes of
mantle melting and, subsequently, arc volcanism in the subduction setting. However,
very little is known about the actual water budget available from hydration of the oceanic
lithosphere. Two popular models for oceanic lithosphere hydration include: 1) the
serpentinization of the upper lithosphere at oceanic transform faults and fracture zones;
and 2) hydration of the upper mantle to depths of 40 km at large-scale normal faults
flanking the outer rise (thought to be the result of the bending of the slab as it subducts)
[Hacker et al., 2003]. However, it is unclear whether these two mechanisms are viable
and if so, how much water is locked into hydrous phases within the down-going plate at
these locations. This is another direction for future exploration.

During my thesis work, I have become increasingly interested in the effects of
lithospheric hydration as a way to explain negative gravity anomalies found within fast-
slipping oceanic transform faults [Gregg et al., 2007b] as well as seismic moment deficits

observed at many oceanic transform faults [Boettcher and Jordan, 2004]. In the past
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couple of years we have developed several 3D thermal models for various transform fault
geometries and mantle rheologies [Bekn et al., 2007; Gregg et al., 2007a], as well as the
inclusion of hydrous phase stability fields to assess localized hydration [Roland et al.,
2007]. A powerful result of these modeling efforts is the ability to estimate water
budgets expected from oceanic transform faults of varying spreading rate and geometry.
The next step in these calculations is to look at hydration in the inactive fracture zones
and explore the dehydration of these sections of the oceanic lithosphere as they are
incorporated at subduction zones at settings such as the Chile Triple Junction or the

Blanco Fracture Zone.

20



REFERENCES

Amelung, F., S. H. Yun, T. R. Walter, P. Segall, and S. W. Kim (2007), Stress control of
deep rift intrusion at Mauna Loa Volcano, Hawaii, Science, 316, 1026-1030.

Aronovitz, A. C., C. J. Ebinger, E. Campbell, D. B. Keir, A. Ayele, and G. Mitra (2007),
Segment linkage in Afar via magma intrusion: The birth of a transform fault?, Eos
Trans. AGU, 88, Fall Meet. Suppl., T41A-0354.

Behn, M. D., M. S. Boettcher, and G. Hirth (2007), Thermal structure of oceanic
transform faults, Geology, 35, 307-310.

Boettcher, M. S., and T. H. Jordan (2004), Earthquake scaling relations for mid-ocean
ridge transform faults, /09, B12, doi:10.1029/2004JB003110.

Buck, W. R., L. L. Lavier, and A. N. B. Poliakov (2005), Modes of faulting at mid-ocean
ridges, Nature, 434, 719-723.

Carbotte, S., and K. Macdonald (1992), East Pacific Rise 8>-10° 30'N - Evolution of ridge
segments and discontinuities from Seamarc Il and 3-dimensional magnetic studies, J.
Geophys. Res., 97, 6959-6982.

Cochran, J. R., and J. C. Sempere (1997), The Southeast Indian Ridge between 88°E and
118°E: Gravity anomalies and crustal accretion at intermediate spreading rates, J.
Geophys. Res., 102, 15463-15487.

Embley, R. W., and D. S. Wilson (1992), Morphology of the Blanco transform-fault
zone-NE Pacific - Implications for its tectonic evolution, Mar. Geophys. Res., 14, 25-
44.

Fornari, D. J., D. G. Gallo, M. H. Edwards, J. A. Madsen, M. R. Perfit, and A. N. Shor
(1989), Structure and topography of the Siqueiros transform-fault system - Evidence
for the development of intra-transform spreading centers, Mar. Geophys. Res., 11,
263-299.

Gregg, P. M., J. Lin, and D. K. Smith (2006), Segmentation of transform systems on the

East Pacific Rise: Implications for earthquake processes at fast-slipping oceanic

21




transform faults, Geology, 34, 289-292.

Gregg, P. M., M. D. Behn, J. Lin, and T. L. Grove (2007a), The effect of fault
segmentation on the dynamics of fast-slipping oceanic transform faults, Eos. Trans.
AGU, 88, Fall Meet. Suppl., Abstract T22E-04.

Gregg, P. M., J. Lin, M. D. Behn, and L. G. J. Montesi (2007b), Spreading rate
dependence of gravity anomalies along oceanic transform faults, Nature, 448, 183-185.

Hacker, B. R., G. A. Abers, and S. M. Peacock (2003), Subduction factory - 1.
Theoretical mineralogy, densities, seismic wave speeds, and H,O contents, J.
Geophys. Res., 108, doi:10.1029/2001JB001127.

Hays, M. R. (2004), Intra-transform volcanism along the Siqueiros Fracture Zone 8°20° n
- 8°30°N, East Pacific Rise, 251 pp, University of Florida, Gainesville.

Hays, M. R., M. R. Perfit, D. J. Fornari, and W. Ridley (2004), Magmatism in the
Siqueiros Transform: Major and trace element evidence for mixing and multiple
sources, 83, Fall Meet. Suppl., Abstract T41A-1165.

Hooft, E. E. E., and R. S. Detrick (1995), Relationship between axial morphology, crustal
thickness, and mantle temperature along the Juan de Fuca and Gorda ridges, J.
Geophys. Res., 100, 22499-22508.

King, G. C. P, R. S. Stein, and J. Lin (1994), Static stress changes and the triggering of
earthquakes, Bull. Seismol. Soc. Amer., 84, 935-953.

Kinzler, R. J., and T. L. Grove (1992a), Primary magmas of midocean ridge basalts 2.
Applications, J. Geophys. Res., 97, 6907-6926.

Kinzler, R. J., and T. L. Grove (1992b), Primary magmas of midocean ridge basalts 1.
Experiments and methods, J. Geophys. Res., 97, 6885-6906.

Kinzler, R. J., and T. L. Grove (1993), Corrections and further discussion of the primary
magmas of midocean ridge basalts, 1 and 2, J. Geophys. Res., 98, 22339-22347.

Kuo, B. Y., and D. W. Forsyth (1988), Gravity anomalies of the ridge transform

intersection system in the south Atlantic between 31° and 34.5°S: Upwelling centers

22



and variations in crustal thickness, Mar. Geophys. Res., 10, 205-232.

Lin, J., G. M. Purdy, H. Schouten, J.-C. Sempere, and C. Zervas (1990), Evidence from
gravity data for focused magmatic accretion along the Mid-Atlantic Ridge, Nature,
344, 627-632.

Macdonald, K. C. (1983), A geophysical comparison between fast and slow spreading
centers: Constraints on magma chamber formation and hydrothermal activity, in
Hydrothermal processes at seafloor spreading centers, edited by P. A. Rona, et al.,
pp. 27-51, Plenum, New York.

McGovern, P. J. (2007), Flexural stresses beneath Hawaii: Implications for the October
15, 2006 earthquakes and magma ascent, Submitted to Geophys. Res. Lett.

Perfit, M. R., D. J. Fornari, W. L. Ridley, P. D. Kirk, J. Casey, K. A. Kastens, J. R.
Reynolds, M. Edwards, D. Desonie, R. Shuster, and S. Paradis (1996), Recent
volcanism in the Siqueiros transform fault: Picritic basalts and implications for
MORB magma genesis, Earth Planet. Sci. Lett., 141, 91-108.

Roland, E. C., M. D. Behn, and G. Hirth (2007), Thermal-mechanical behavior of oceanic
transform faults - Implications for hydration of the upper oceanic mantle, Eos Trans.
AGU, 88, Fall Meet. Suppl., Abstract T32B-06.

Rubin, K. H., and J. M. Sinton (2007), Inferences on mid-ocean ridge thermal and
magmatic structure from MORB compositions, Earth Planet. Sci. Lett., 260, 257-276.

Sinton, J., E. Bergmanis, K. Rubin, R. Batiza, T. K. P. Gregg, K. Gronvold, K. C.
Macdonald, and S. M. White (2002), Volcanic eruptions on mid-ocean ridges: New
evidence from the superfast spreading East Pacific Rise, 17°-19°S, J. Geophys. Res.,
17,

Sparks, D. W., and E. M. Parmentier (1991), Melt extraction from the mantle beneath
spreading centers, Earth and Planet. Sci. Lett., 105, 368-377.

Walter, T. R., and F. Amelung (2004), Influence of volcanic activity at Mauna Loa,

Hawaii, on earthquake occurrence in the Kaoiki seismic zone, Geophys. Res. Lett., 31,

23




L07622, doi:10.1029/2003GL019131.

Walter, T. R., and F. Amelung (2006), Volcano-earthquake interaction at Mauna Loa
Volcano, Hawaii, J. Geophys. Res., 111, B05204, doi:10.1029/2005JB003861.

Yang, H. J., R. J. Kinzler, and T. L. Grove (1996), Experiments and models of anhydrous,
basaltic olivine-plagioclase-augite saturated melts from 0.001 to 10 kbar, Contrib.

Mineral. Petrol., 124, 1-18.

24



CHAPTER 1: Segmentation of transform systems on the East Pacific Rise:
Implications for earthquake processes at fast-slipping oceanic transform
faults

ABSTRACT

Seven of the eight transform systems along the equatorial East Pacific Rise from
12°N to 15°S have undergone extension due to reorientation of plate motions and have
been segmented into two or more strike-slip fault strands offset by intratransform
spreading centers (ITSCs). Earthquakes recorded along these transform systems both
teleseismically and hydroacoustically suggest that segmentation geometry plays an
important role in how slip is accommodated at oceanic transforms. Results of thermal
calculations suggest that the thickness of the brittle layer of a segmented transform fault
could be significantly reduced by the thermal effect of ITSCs. Consequently, the potential
rupture area, and thus maximum seismic moment, is decreased. Using Coulomb static
stress models, we illustrate that long ITSCs will prohibit static stress interaction between
transform segments and limit the maximum possible magnitude of earthquakes on a given
transform system. Furthermore, transform earthquakes may have the potential to trigger
seismicity on normal faults flanking ITSCs.

Published as P. M. Gregg, J. Lin, and D. K. Smith, Segmentation of transform systems on the East Pacific
Rise: Implications for earthquake processes at fast-slipping oceanic transform faults. Geology, v. 34, no. 4,
p. 289-292, 2006.
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INTRODUCTION

Segmented transform systems are composed of several fault strands offset by short
ridges or rifts referred to as intra-transform spreading centers (ITSCs) (Menard and
Atwater, 1969; Searle, 1983; Pockalny et al., 1997), where active seafloor spreading and
crustal accretion are occurring (Fornari et al., 1989; Hekinian et al., 1992; Perfit et al.,
1996). Along the equatorial East Pacific Rise between 15°S and 12°N (Fig. 1), the
Siqueiros, Quebrada, Discovery, Gofar, Yaquina, Wilkes, and Garrett transform systems
have all undergone transtension due to changes in plate motions, and each of these
transforms is segmented by at least one ITSC (Searle, 1983; Fornari et al., 1989;
Lonsdale, 1989; Goff et al., 1993; Pockalny et al., 1997). The Clipperton transform
system has undergone several periods of transpression (Pockalny, 1997), and is the only

unsegmented transform system along the equatorial East Pacific Rise.

The global deficiency of seismic moment release on oceanic transform systems has
led researchers to hypothesize that a significant portion of oceanic transform slip is
accommodated aseismically (e.g., Boettcher and Jordan, 2004). However, global
seismicity studies have yet to consider the prevalence of transform fault segmentation.
Dziak et al. (1991) observed that earthquake sizes generally correlate with the lengths of
individual fault segments at the Blanco transform fault. Our observations of earthquakes
recorded on East Pacific Rise transform faults indicate that segmentation is an important
factor influencing rupture of large earthquakes at oceanic transforms. While it has been
shown that segmentation and fault steps play an important role in controlling the
earthquake behavior of continental strike-slip faults (e.g., Harris and Day, 1993), the
influence of segmentation and ITSCs on earthquake processes at an oceanic transform

system has not been studied in detail.

In this paper, we use teleseismically and hydroacoustically recorded seismicity data
from the equatorial East Pacific Rise and Coulomb static stress models to explore the

effect of ITSCs on static stress interaction between transform fault segments. We
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Figure 1. Regional map of the equatorial EPR showing large transform and non-
transform offsets. Segmentation geometry is included based on previous geological
mapping of the transform systems (e.g., Fornari et al., 1989; Lonsdale, 1989). Inset:
Regional map showing location of the full array of NOAA Pacific Marine Environmental
Laboratory hydrophones.
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Figure 2. Comparison of estimated areas of brittle lithosphere using a one-dimensional,
steady-state lithosphere cooling model (McKenzie, 1969) for the Clipperton (B) and
Siqueiros (C) transforms. A: The 90 km Clipperton transform system (X—X") and the 150
km Siqueiros transform system (Y-Y’), which is broken into five major segments S1, S2,
S3, S4, and S5 separated by four ITSCs SA, SB, SC, and SD (Fornari et al.,1989). B:
Calculated area of brittle lithosphere for temperatures <600 8C (shaded region) for the
Clipperton transform. C: Comparison of the calculated areas of brittle lithosphere for the
Siqueiros transform for a model of unsegmented geometry (area above the dotted line)
versus a model consisting of five individual segments offset by steady-state ITSCs
(shaded area).
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investigate whether adjacent fault segments can behave independently of one another,

and how the interaction between segments depends on their offset distance.

TRANSFORM SEGMENTATION

Segmentation of the transtensional transform systems at the equatorial East Pacific
Rise has resulted in individual strike-slip fault strands with lengths of 18-89 km, with an
average of ~37 km. The ITSCs separating the fault strands have lengths of 5-20 km, with
an average length of ~11 km. Fresh lavas collected from the ITSCs within the Siqueiros
and Garrett transforms (Hekinian et al., 1992; Perfit et al., 1996) indicate that ITSCs are
magmatically active, implying that the regions beneath them are hotter, and thus the
lithospheric plate is thinner than the surrounding domains. To explore the effect of
segmentation on the transform fault thermal structure, we use a half-space steady-state
lithospheric cooling model (McKenzie, 1969; Abercrombie and Ekstrom, 2001). The
temperature within the crust and mantle, 7, is defined as 7' = Terfly(2x7) "], where T,, is
the mantle temperature at depth, assumed to be 1300°C; y is the depth; k is the thermal
diffusivity, assumed to be 1,026 m’s’'; and 7 is the age of the lithosphere obtained by

dividing distance from the ridge axis by half the spreading rate.

Figure 2 compares the calculated areas of brittle deformation, defined as regions with
calculated temperatures < 600°C, for the geometries of the Clipperton and Siqueiros
transform systems. The calculated area under the 600 °C isotherm for the Clipperton
transform fault is 326 km®, compared to 710 km* for a model of a single unsegmented
fault with the cumulative length of the Siqueiros transform system. When the actual
segmentation geometry of the Siqueiros transform system is considered, however, the

integrated area of the calculated brittle deformation region is decreased by ~60% to 277

Y

V4

km"®.

Seismic moment (M,), which reflects the energy released by an earthquake, 1s a
function of the rupture area of the fault. Specifically, M, = G x D x S, where G is the
shear modulus, estimated to be 27 GPa from seismic velocities (Canales et al., 2003), D

1s the average slip, and S is the estimated brittle area. The resulting moment magnitude is
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Mw = (2/3) x log(M,) -10.73. For a model of constant stress drop during pure strike-slip
earthquakes, M, = (1/2) x Ac x w x S, where Ao is the earthquake stress drop, and w is

the fault width, estimated from S divided by fault length (Stein and Wysession, 2003).

Curves in Figure 3 show the predicted earthquake magnitudes for a given fault area,
assuming models of constant fault slip (Fig. 3A) or constant stress drop (Fig. 3B) during
earthquakes. Earthquakes recorded teleseismically as listed in the Harvard Centroid-
Moment Tensor (CMT) catalog were relocated to a specific transform segment using
hydroacoustically recorded earthquakes, which have smaller location errors (<6 km) (Fox
et al., 2001). The maximum earthquake magnitudes observed on each of the transform
fault segments at the equatorial East Pacific Rise from 1996 to 2001 are plotted in Figure
3. Assuming the complete rupture of a given individual fault segment, we can estimate
the amount of slip or the stress drop for a given earthquake. For example, the largest
earthquake observed on the Clipperton transform has a My of 6.6 (Fig. 3). If the entire
brittle area of Clipperton (326 km?®) was ruptured during this earthquake, the estimated

average slip 1s 1 m, or the estimated average stress drop is 53 bar or 5.3 MPa.

CoULOMB STRESS CALCULATIONS

Evidence for potential earthquake interactions along oceanic transform faults has
been noted in several investigations (e.g., Toda and Stein, 2000; Bohnenstiehl et al.,
2002, 2004; McGuire et al., 2002; Forsyth et al., 2003). We utilize the methods of King
et al. (1994) and Toda et al. (1998) to calculate how static stress from a moderate-sized
earthquake is transferred to adjacent faults, and assess the likelihood of rupturing
multiple transform segments during a single earthquake. According to Coulomb failure
criteria, when an earthquake occurs on a source fault, changes in Coulomb failure stress
(Aoy) on a receiver fault are expressed as Aoy = Ats + p' x Ao, where At and Ao, are
changes in shear and normal stresses, on the receiver fault, and p' is the apparent friction

coefficient adjusted for the pore pressure effect (King et al., 1994).
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Figure 3. A: The predicted maximum moment magnitude, My, of earthquakes (curved
lines) for a given transform segment area and a constant slip of 0.1, 0.3, and 1.0 m. The
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Figure 4. Schematic models showing the geometry of two transform segments bisected
by a single ITSC of variable length, L. The source earthquake is located on the bottom
right transform segment with its left edge located at a distance, d, from the ITSC-
transform intersection. The source earthquake is assumed to be a strike-slip event on a
vertical plane parallel to the transform segment. A: A scenario in which the receiver fault
is a strike-slip fault located on the top left transform segment, which is assumed to have
the same dip, strike, and rake as the source earthquake. B: A scenario in which the

receiver fault is a normal fault located along the ITSC, which is assumed to have a dip of
608 and is parallel to the ITSC.
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We consider a simple geometry in which two adjacent transform segments are offset
by an ITSC of variable length, L, for two scenarios assuming the receiver faults are either
strike-slip events along the adjacent transform segment (Fig. 4A) or normal-faulting
events located along the ITSC (Fig. 4B). The rupture size for the source earthquake in
both cases is varied to reflect typical earthquake magnitudes observed along the

segmented transforms of the equatorial East Pacific Rise.

For the first scenario, the calculated maximum change in static stress,

|Aor [
transferred to the receiver fault is plotted versus L for Mw = 5.0, 5.5, and 6.0 (Fig. 5). As
the separation distance between the two transform segments increases, the predicted
maximum induced Coulomb stress change on the receiver fault decreases. For example, if
My, = 6.0, d = 0 km, and L is increased from 5 to 15 km, the calculated || Aoy || decreases
from 1.35 bar to 0.25 bar (Fig. SA). The proximity of the earthquake to the ITSC-
transform intersection (ITI) is also very important: the closer the source earthquake is
located to the ITI (i.e., smaller d), the greater the predicted maximum Coulomb stress
change on the receiver fault (Fig. 5). For example, if My, = 6.0, L = 5 km, and d 1s
increased from O to 10 km, the calculated ||[Acy| decreases from 2.5 bars to 0.1 bars.
Previous studies have shown statistically significant correlations between regions of
seismicity rate changes following continental strike-slip earthquakes and areas of

calculated stress changes > 0.2-1.0 bars (Toda et al., 1998).

In the second scenario (Fig. 6), for Mw > 5.0, a source earthquake with relatively
small d 1s calculated to cause significant Coulomb static stress increases on ITSC parallel
secondary normal faults. Such Coulomb stress changes correspond to a decrease in
normal confining pressure across the ITSC axis, which may result in triggering of normal
faulting earthquakes or magmatic diking events along the ITSCs. The predicted
Coulomb stress changes on secondary normal faults along the ITSC are a strong function
of the location of the source earthquake. For example, if My, = 6.0 and d 1s increased

from 5 to 10 km, the calculated ||Acq| decreases from 2.5 bars to 0.5 bar.
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Figure 5. Calculated maximum Coulomb stress changes on a secondary strike-slip
receiver fault caused by a strike-slip source earthquake (geometry shown in Fig. 4A) for
source earthquake My 5 6.0, 5.5, and 5.0. Note that the vertical scale is different for each
panel. All stress calculations were carried out using a three-dimensional boundary-
element model, Coulomb 2.6 (Toda et al., 1998), assuming that both the source and
receiver faults extend to a depth of 5 km. For each Coulomb calculation, we used a
Young’s modulus of 62.5 GPa, a Poisson’s ratio of 0.25, an apparent friction coefficient,
m9, of 0.4 (e.g., King et al., 1994), and a tapered slip distribution. Stresses are sampled
on a horizontal plane at a depth of 2 km. The maximum change in Coulomb stress is
taken directly from the point on the receiver fault where Coulomb stress reaches a
maximum value. Calculations were carried out for L 51 to 20 km andd 5 0, 2.5, 5, and
10 km. ITSC.
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Figure 6. Calculated maximum Coulomb stress changes on a secondary normal receiver
fault along the ITSC caused by a strike-slip source earthquake on the adjacent transform
segment with geometry shown in Figure 4B. The maximum change in Coulomb stress is
taken from the point on the ITSC where Coulomb stress reaches a maximum value. The

results shown are for calculations assuming a tapered slip distribution along the source
earthquake.
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Figure 7. Coulomb stress models for a teleseismically recorded earthquake (Mw = 5.7,
26 April 2001) on the Siqueiros transform system. Earthquake location is shown by
white star on each panel. A: Location map shows the segmentation geometry of
Siqueiros. Outlined region indicates area investigated in B, C, and D. B: Bathymetric
map overlain by the geologic interpretations (thin white lines) of Fornari et al. (1989).
White circles indicate the locations of the 170 aftershocks. C: Calculated Coulomb static
stress changes on secondary strike-slip receiver faults with the same dip, strike, and rake
as the source earthquake. Source fault parameters from Harvard CMT focal mechanism:
strike = 263°, dip = 81°, and scalar moment = 4.49 x 10** dyne-cm. We assume rupture
length = 5 km, width = 5 km and slip = 0.36 m. We used a tapered slip distribution and
stresses were sampled on a horizontal plane at a depth of 2 km.  Fox et al. (2001)
estimates a lower threshold for earthquakes recorded within the hydrophone array of Mb
= 1.0-1.8. The first 45 aftershocks (shown as white circles) occurred within 10 hours of
the mainshock and fall along fault segment S3. The 0.15 bar and 0.05 bar contours are
shown as solid black lines. We observe that ~31% of the first 45 aftershocks occurred in
regions with stress increases > 0.15 bars, and ~56% in areas with stress increases > 0.05
bars. D: Calculated Coulomb static stress changes on secondary normal faults dipping
60° and parallel to the ITSC SB. The later 125 aftershocks (shown as white circles)
correspond well with predictions of increased normal stress thus suggesting that they
might be associated with normal receiver faults. We observe that ~63% of the latter 125
aftershocks occurred in regions with stress increases > 0.15 bars, and ~ 90% occurred in
areas with stress increases > 0.05 bars.
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EXAMPLES OF POSSIBLE STRESS INTERACTION

Hydroacoustic monitoring of the EPR (Fox et al., 2001) has allowed us to investigate
several moderate sized earthquakes to determine the role of transform segmentation in
earthquake processes. Here, we have chosen one My = 5.7 teleseismically recorded
earthquake that occurred in April 2001 along the S3 segment of the Siqueiros transform
fault, which appears to have triggered seismicity on the S2 segment as well as on the
ITSC SB (Fig. 7). Coulomb stress models were calculated using the source earthquake
focal mechanism recorded in the Harvard CMT catalog, and the earthquake source

location was taken from the hydroacoustic earthquake catalog.

The mainshock ruptured the 24-km long S3 fault segment ~10 km from its
intersection with the 8 km-long ITSC SB. Approximately 170 aftershocks were recorded
hydroacoustically within 24 hr and 50 km of the epicenter of the mainshock. The first 45
aftershocks (Fig. 7C) occurred along the fault segment S3 within 10 hr of the mainshock,
and were spatially truncated by the ITSCs SB and SC. These aftershock locations
correspond well with areas of predicted static stress increase along the source fault and on
secondary strike-slip receiver faults along segment S3. Furthermore, the termination of
the aftershocks east of the source fault at ITSC SC agrees with predicted estimates for

segment interaction.

The subsequent 125 aftershocks (Fig. 7D) occurred on ITSC SB and the eastern end
of the adjacent fault segment S2. The static stress models assuming transform-parallel
strike-slip receiver faults do not predict this pattern of seismicity (Fig. 7C). Geologic
interpretations of Siqueiros transform by Fornari et al. (1989) indicate several ITSC-
parallel faults flanking ITSC SB to the east, west, and north (Fig. 7B). As the latter 125
aftershock locations correspond well with areas of increased Coulomb stress for normal
receiver faults, we hypothesize that these aftershocks might be associated with triggered
seismicity on the normal faults mapped by Fornari et al. (1989). The ITSC parallel
tectonic fabric was created by ITSCs SA and SB, which appear to have slow-spreading
ridge morphology (Fornari et al, 1989); this may account for the development of

seismically active normal faults. Another possibility is that these aftershocks may reflect
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a diking event near ITSC SB resulting from mainshock-triggered decreases in confining
pressure. Dynamic stress changes might also trigger aftershocks, but are difficult to

evaluate due to the lack of detailed mainshock rupture models.

CONCLUSIONS

Detailed analysis of earthquakes on transform systems at the EPR suggests that
segmentation geometry plays an important role in how slip is accommodated at fast-
slipping oceanic transforms. Results of Coulomb stress models suggest that the length of
the ITSC that offsets two transform fault strands will determine whether the adjacent
fault segments will interact by static stress transfer. If the ITSC is sufficiently long, the
adjacent segments will be decoupled and behave independently of each other. This is
particularly important in studies of earthquakes at oceanic transforms since a long
oceanic transform system, could be composed of several decoupled fault segments.
Moreover, we illustrate that the thermal effect of ITSCs may reduce the thickness of the
brittle layer, thus decreasing the potential rupture area and the maximum seismic moment
of an oceanic transform fault system. Finally, we suggest that transform earthquakes may

have the potential to trigger seismicity on secondary normal faults flanking ITSCs.
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CHAPTER 2: Spreading rate dependence of gravity anomalies along oceanic
transform faults

ABSTRACT

Mid-ocean ridge morphology and crustal accretion are known to depend on the
spreading rate of the ridge. Slow-spreading mid-ocean ridge segments exhibit significant
crustal thinning towards transform and non-transform offsets' '*, which is thought to
arise from a three-dimensional process of buoyant mantle upwelling and melt migration
focused beneath the centres of ridge segments'>* "' In contrast, fast-spreading mid-
ocean ridges are characterized by smaller, segment-scale variations in crustal thickness,
which reflect more uniform mantle upwelling beneath the ridge axis'® "°. Here we present
a systematic study of the residual mantle Bouguer gravity anomaly of 19 oceanic
transform faults that reveals a strong correlation between gravity signature and spreading
rate. Previous studies have shown that slow-slipping transform faults are marked by more
positive gravity anomalies than their adjacent ridge segments'**°, but our analysis
reveals that intermediate and fast-slipping transform faults exhibit more negative gravity
anomalies than their adjacent ridge segments. This finding indicates that there is a mass
deficit at intermediate and fast-slipping transform faults, which could reflect increased
rock porosity, serpentinization of mantle peridotite, and/or crustal thickening. The most
negative anomalies correspond to topographic highs flanking the transform faults, rather
than to transform troughs (where deformation is probably focused and porosity and
alteration are expected to be greatest), indicating that crustal thickening could be an
important contributor to the negative gravity anomalies observed. This finding in turn
suggests that three-dimensional magma accretion may occur near intermediate and fast-
slipping transform faults.

Published as P. M. Gregg, J. Lin, M. D. Behn, L. G. J. Montési, Spreading rate dependence of the gravity
structure of oceanic transform faults, Narture, 448, 183-187, 2007.

Reprinted by permission from Macmillan Publishers Ltd: [NATURE] (P. M. Gregg, J. Lin, M. D. Behn, L.
G. J. Montési, Spreading rate dependence of the gravity structure of oceanic transform faults, Nature, 448,
183-187,2007.), © 2007
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LETTERS

Spreading rate dependence of gravity anomalies
along oceanic transform faults

Patricia M. Gregg', Jian Lin®, Mark D. Behn’ & Laurent G. J. Montési’

Mid-ocean ridge morphology and crustal accretion are known to
depend on the spreading rate of the ridge. Slow-spreading mid-
ocean-ridge segments exhibit significant crustal thinning towards
transform and non-transform offsets’*, which is thought to arise
from a three-dimensional process of buoyant mantle upwelling
and melt migration focused bencath the centres of ridge seg-
ments'* 7% I contrast, fast-spreading mid-ocean ridges are
characterized by smaller, segment-scale variationsin crustal thick-
ness, which reflect more uniform mantle upwelling beneath the
ridge axis' . Here we present a systematic study of the residual
mantle Bouguer gravity anomaly of 19 oceanic transform faults
that reveals a strong correlation between gravity signature and
spreading rate. Previous studies have shown that slow-slipping
transform faults are marked by more positive gravity anomalies
than their adjacent ridge segments™***, but our analysis reveals
that intermediate and fast-slipping transform faults exhibit more
negative gravity anomalies than their adjacent ridge segments.
This finding indicates that there is a mass deficit at intermediate-
and fast-slipping transform faults, which could reflect inaeased
rock porosity, serpentinization of mantle peridotite, and/or crus-
tal thickening. The most negative anomalies correspond to topo-
graphic highs flanking the transform faults, rather than to
transform troughs (where deformation is probably focused and
porosily and alteration are expected to be greatest), indicating that
crustal thickening could be an important contributor to the nega-
tive gravity anomalies observed. This linding in turn suggests that
three-dimensional magma accretion may occur near intermediate-
and fast-slipping transform faults.

We analyse the residual mantle Bouguer gravity anomaly (RMBA)
from 19 oceanic transform fault systems and their adjacent ridge
segments at ultraslow- to fast-spreading mid-ocean ridges (Supple-
mentary Fig. 1) with fault slip rates of 1.3-14.5cmyr ™" and fault
lengths of 70-350km (see Methods). RMBA is used to infer local
density variations relative to a reference model that indudesa 6-km-
thick crust. A negative RMBA indicates a mass deficit, which can be
due to thickened crust, increased porosity, andior serpentinized
mantle. Conversely, a positive RMBA typically implies crustal thin-
ning. OQur results reveal a systematic disparity in the gravity signature
between ultraslow-/slow slipping transform faults and intermediate /
fast-dipping transform faults.

To illustrate these differences, we compare the RMBA at the fast-
slipping Siqueiros transform to the RMBA at the slow-slipping
Atlantis transform (Fig. 1). The 150-km-long Siqueiros transform
located at ~B.3°N on the East Padfic Rise is slipping at
~118emyr™" and includes five fault segments connected by four
intra-transform spreading centres* (Fig. lai. The ridge segments
to the north and south of Siqueiros are typical of fast-spreading
ridges with axial highs as shallow as 2.0-2.8 km. The ridge transform

intersections bounding Siqueiros display overshooting ridge tips'
typical of ridge transform intersections at magmatically robust ridge
segments (Supplementary Figs 2-5). In contrast, the 70-km-long
Atlantis transform at 30° N on the Mid-Atlantic Ridge is slipping at
~24cmyr " and contains a single strike-slip fault zone (Fig. 1b).
The ridge segments adjacent to the Atlantis transform display slow-
spreading rift valleys and a wide range of axial depths.

As seen in previous gravity studies of the Atlantis transform*7,
more negative RMBA is associated with adjacent ridge segment cen-
tres (up to ~80 mGal less than the transform offset), whereas the
maost positive RMBA is located in the transform fault and fracture
zone (Fig. 1d). In contrast, at Siqueiros more positive RMBA is
observed along the adjacent ridge segments and more negative values
are found within the transform fault and fracture zone domains (up
to ~40mGal less than the adjacent ridge segments). RMBA mini-
mums often correspond to bathymetric highs along the eastern and
southern flanks of the fault (Fig. 1c).

The difference in the average RMBA values between transform fault
domains and their adjacent ridge segments—ARMBA, _ —varies
systematically with spreading rate for the 19 transform faults induded
in this study (Fig. 2, see Methods section for ARMBAy - g aalcula
tion). ARMBA~+ - g > 0 implies more positive RMBA along the trans
form fault domain than along the adjacent ridge segments, whereas
ARMBAy .. g << 0 implics more negative values within the transform
fault domain. Along ultraslow- and slow-spreading ridges, the average
RMBA in transform fault domains is systematically more positive than
along the adjacent ridge segments with ARMBA; . g of up to45 mGal.
However, for spreading rates exceeding ~5cmyr ' the average
RMBA within transform fault domains becomes more negative than
on the adjacent ridge segments. Most intermediate- and fast-slipping
transforms are associated with ARMBA; g of —4 to —14mGal,
whereas the Blanco transform is associated with a ARMBA; . g of
—40mGal (Fig. 2 and Supplementary Table 1).

Previous studies attribute positive RMBA along slow-slipping
transform faults to decreased crustal accretion towards the end of
ridge segments and therefore crustal thinning within the transform
fault domain’***, If the negative RMBA observed atintermediate- and
fast-slipping transforms also reflects variations in crustal thickness,
these anomalies indicate crustal thickening within the transform
domain. However, negative RMBA can also arise from other factors,
such as cracking and alteration at transform fault offsets®**°, There-
fore, we use two-dimensional (2D) gravity models to estimate the
amplitude of ARMBA _ g corresponding to: (1) increased rock poro-
sity; (2) serpentinization of mantle peridotite: and (3) crustal thick-
ening (Fig. 3, Supplementary Fig. 7, and Supplementary Methods).

Low seismic velodities recorded in the Clipperton transform and
near the Siqueiros transform have been attributed to increased crack-
ing and porosity within the transform domain''®. The observed
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Figure 1| Comparison of bathymetry and RMBA of the Siqueirostransform
on the East Pacific Rise and Atlantis transform on the Mid-Atlantic Ridge,
atthe same map scale. a, Bathymetric map for the Siqueiros transtorm with
geologicinterpretation®. Solid black lines indicate the sealloor fabric, circles
show locations of scamounts, and dashed black lines show the locations of
the (racture zones and transtorm fault. The solid white line indicates the
location of the plate boundary used in the 3D thermal model. ITSCs are
labelled A, B, Cand D®™ NVZ, neo-volcanic zone; OSC, overlapping
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Figure 2 | Compilation of ARMBA _  values for the 19 transform systems
analysed. Thenew RMBA calculations from this study are marked with solid
circles. Previous RMBA studies are indicated by the open symbols: square™,
tiangle™ cross”, star'’, diamond'. Abbreviations for rdges: SWIR,
Southwest Indian Ridge: MAR, Mid-Atantic Ridge; 1dFR, Juande Fuca Ridge:
SEIR, Southeast Indian Ridge; EPR, East Pacific Rise. Abbreviations for
transform faults: Bo, Bouvet; 10, 1slas Orcadas; A B, Andrew Baim; PE, Prince
Edward: All, Atlantis I Mo, Moshesh; Ma, Marion; At, Atlantis; Hs, Hayes;
Kn, Kaneg; FT, Fifwen-Twenty; AFZ, Ascension; RG, Rio Grande; Bl, Blanco;
§2, SEIR2; S1, SEIRL; CL, Clipperton; Sq, Siqueiros; Wi, Wilkes; Ga, Garrett.
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spreading centre. b, Bathy metric map tor the Atlantis transform, The solid
black line indicates location of the plate boundary used in the 3D thermal
model, and the dashed portion indicates the Atlantis transform tault

¢, Calculated RMBA map for the Sigueiros transform fault with geologic
interpretation oserlad from a. d, Calculated RMBA map for the Atlantis
transform fault. Seabeam bathymetry compiled by the RIDGE multibeam
synthesis project (http:!focean ndgeldeo.columbia edu/general’html
home. html |,

decrease in seismic velodties of ~ 1 kms ™" in the Clipperton trans
form fault' can be explained by porosity increases in the range of
1-5.5% for crack aspect ratios of D.01-0.1 (ref. 19). Calculations in
Fig. 3 demonstrate that an average porosity increase of 27 % within
the upper crust down to the britde ducule transiwon (600 Ci s
required to produce the negative ARMBA;
=11mGal observed at fast slipping transtorms (Fig. 21 However,
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Figure 3 | Results of 2D forward models showing the predicted
ARMBA; _ ;. Dataare shown asa function of increase in crustal thickness
through layer 2A (dotted black line] or overall crustal thickening (solid black
line J; increases in porosity (@, red linel; or the presence of serpentinized
mante (green lines indicate percentage: green shading indicates serpentine
stability field ). Ah indicates change in layer thickness. Grey shadingindicates
the observed ARMBA( _ ¢ at fast-slipping transforms. The kink in the curve
for increase in layer 2A corresponds to thickening of layer 2A beyoad the
thickness of layer 2B in the reference model. See Supplementary Fig. 7 for
model details.
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Figure 4| Lateral variations in crustal thickness required to explain the
observed RMBA inthe Siqueiros transform system (Fig. 1¢). Excess crustis
defined as the deviation from the reference crustal thickness of 6 km,
assuming sea water, crust and mantle densities of 1,030, 2,730 and
3,300kgm *, respectively.

an increase in porosity in excess of 5% at slow-slipping transforms
will negate the effect of crustal thinning and result in negative
ARMBA; _ (Supplementary Fig. 7). Consequently, a porosity
increase of 2-5% is consistent with observed ARMBA; _ g and seis-
mic data at both slow- and fast-slipping transform faults.

Serpentinization of mantle peridotite can also generate negative
ARMBAT - g. However, the calculated 500 “C isotherm, which repre-
sents the upper limit of serpentine stabilitv®, is located within the
crust at all fast-slipping transform faults considered in this study
isee Methods) and therefore predicts no mantle serpentinization.
Invoking hydrothermal cooling (see Supplementarv Methods)
depresses the 500 °C isotherm to an average depth of 6.4km at
Siqueiros transform fault. Assuming 100% serpentinization {density
of 2,550kgm ) of the mantle where temperatures are <3500 °C.
results in a negative ARMBA; _ of 0 to —10mGal, which is slightly
less than the values of up to =14 mGal observed at fast-slipping trans-
form faults (Fig. 3). However, if 100% serpentinization were pervasive
above the 500°C isotherm at slow-slipping transform faults, it
would negate the effects of crustal thinning and produce negative
ARMBA; _ g <=100mGal (Supplementary Fig. 7g). Therefore,
although low degrees of mantle serpentinzation might contnibute
to the observed negative RMBA along fast slipping transform faults,
current thermal models for oceanic transform faults make it unlikely
that serpentinization alone can explain the systematic differences
between fast- and slow-slipping transforms.

Figure 5| A spreading-rate-dependent model of crustal accretion and
mantle upwelling based on observed RMBA calculations and morphological
features at transform fault systems on slow- and fast-spreading ridges.
Large yellow arrows indicate plate motion vectors; smaller black arrows
indicate mantle flow. The grey area with white outline represents the
lithosphere as defined by the 700 "Cisotherm, while the crust is identified by
dotted pattern. The blue cracks and the green wiggles indicate regions of
increased porosity and serpentinization, respectively. a, Slow-spreading

Finally, we estimate the magnitude of variations in crustal thick-
ness required to explain the RMBA observed along the Siqueiros
transform by inverting the observed RMBA relative to a reference
model with average crustal density of 2.730kgm ™ (ref. 1) (Fig. 4).
Along the eastern domain of Siqueiros transform, we predict an
excess crustal thickness of = 1.5 km, while in the western domain of
the transform and in the off-axis fracture zones excess crust ranges
from 0.5-1.5km. The ARMBA; - g observed at fast- slipping trans
form faults can also be produced by increasing laver 2A by 0.25-
0.6 km (Fig. 3).

Although increased rock porosity and mantle serpentinization
could both contribute to the observed negative RMBA along inter-
mediate- and fast-slipping transform faults, we believe that local
crustal thickening s probably the dominant mechanism. Areas of
localized deformation, such as fault zones, are expected to exhibit
enhanced cracking and alteration. However, the most negative
RMBA values observed at intermediate- and fast-slipping transform
faults correspond to bathymetric highs flanking the transforms
instead of the transform woughs where deformation is likdy tw be
localized. Local excess crust within intermediate- and fast-slpping
transform fault domains may result from a combination of magmatic
accretion mechamsms including: (1) lateral transport of excess
magma from the ridge axis into the transform fault domain'=; (2}
magmatic accretion at intra-transform spreading centres'; (3) the
pooling of lava within topographic lows™; and/or (1) 'leaky’ mag-
matic accretion along the entire transform fault®.

Lateral dyke propagation from a central magma chamber has
been proposed to explain crustal thickness variations along slow-
spreading ridge segments®. At magmatically robust segments along
intermediate and fast-spreading ridges, a continuous magma cham-
ber may exist beneath the entire segment and feed dvkes from the
ridge transtorm intersection into the transform fault domain. A pos-
sible geologic expression of this mechanism is overshooting ridge
tips, which are common bathymetric features of robust ridge seg-
ments at intermediate- and fast-spreading ridge transform intersec-
tions™ (see Supplementary Figs 2-5). Bathymetry and RMBA of
overshooting ridge tips at intermediate and fast- spreading ridges
suggest that dykes propagating along the ridge axis penetrate past
the transform fault into juxtaposed old oceanic crust, curve in the
direction of the transform, and locally increase the crustal thickness
of an already full-thickness crust (Fig. 5b). Gevlogic evidence from
the northwestern segment of Blanco transform indicates significant

N »/

| Ml?}'

ridges exhibit focused mantle upwelling at segment centres and crustal
thinning towards segment ends and transform faults. b, Fast-spreading
ridges have relatively uniform mantle upwelling. The negative ARMBA L _ ¢
at fast-spreading ridges may result from: (1) excess magma supply on ridge
segments causing over-shooting ridges and dyke injection into the transform
fault domain; (2) increased porosity within the transform; (3) actively
accreting ITSCs; (4) pooling of extruded lavas within the transform fault.
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increases in the extrusive lava laver with a possible overshooting ridge
upsource™. However, for this model to explain the RMBA along the
entire transform fault { rather than just in the fracture zone), trans
form parallel dvke propagation must extend at least half the distance
between ridge transform intersections (~30-75km). Bathvmetric
data demonstrate that overshooting ridge tips wrap around and into
transform faults, but the cause of this curvature 1s undear. Possible
explanations include response to the local stress fidd at the ridge
transform intersection, and/or dvke propagation along preferential
pathwavs created by pre-existing transform-paralld cracks.

Fast-slipping transform faults typically contain multiple fault seg-
ments separated by intra-transform spreading centres (17T8C) ™
Several ITSCs at East Pacific Rise transform faults have been sampled
and contain fresh basaltic lavas indicating crustal accretion within
the transform fault domain®#. In some cases, such as the Garrett
transform fault (Supplementary Fig 20, the TTSCs occurin pull -apart
basins and do not appear to increase the crustal thickness. Alter
natively, along the eastern portion of Siquetros transform (Fig. las
I'TSCs are associated with negative RMBA. Thus, I'TSCs may thicken
crust in some localities.

A third possible mechamsm for local crustal thickening 15 the
pooling of erupted lavas in topographic lows within the transform
fault domain®* (Fig. 3b). However. the majority of the negative
RMBA values we have observed correspond with  topographic
highs, indicating that this might not be a dominant mechanism
Finallv, because off-axis melt 15 considered abundant at fast-
spreading ridges®”, 'leaky’ magmatic accretion might occur along
the entire length of some transform faults™. This mechanism could
cause increases in crustal thickness and may be enhanced by trans
tensional forces acting upon a transform fault owing to plate motion
reorganizations®.

Thus the observed negative RMBA values at intermediate- and
fast-slipping transtorm faults mayv be the result of a combination of
mechanisms, induding increases in rock porosity, mantle serpentin-
ization and/or crustal thickening. Further detailed constraints are
required to distinguish among the potential contributors to the
observed gravity anomalies. However, the strony correlation of the
negative RMBA with topographic highs flainking the transforms sug
gests crustal thickening as a potenually important mechamsm for at
least some of the observed negative RMBA values. Systematic occur
rence of crustal thickening, if confirmed, would require a modifica-
tion of our current understanding of how three-dimensional magma
accretion occurs along intermediate- and fast-spreading ridgesin the
vicinmity of transform fault discontinuities.

METHODS SUMMARY

The mantle Bouguer anomaly was calculated following the method of ref. 1.
This technique removes the effect of seatloor topography and 6 km of reference
crust trom the satellite free air gravity®. The RMBA was calculated by removing
from the mantle Bouguer anomaly the effects oflithospheric coolingas estimated
from a three dimensional (3D} passive mantle upwelling model calculated
using the commercial finite-element modelling coftware package COMSOL
MULTIPHYSICS 3.2 (for model details see Supplementary Tables 1 and 2}
The RMBA reflects the deviation of sub-seafloor density structure from the
reterence model described in Supplementary Table 2. When constructing the
thermal models for segmented trans form faults, we incorporated the best known
geometry of transform faultsegments and assumed steady -state crustal accretion
at the ITSCs.

We detine ARMBA| _ g = [{(RMBA1—RMBAR,) ¢ (RMBA—RMBAR 1|2,
where RMBA g, and RMBAg; are the average RMBA values on the adjacent ridge
segments | and 2, respectively, and RMBAy is the average RMBA value along the
transtorm fault domain (see Supplementary Fig. B). Where digital data are avail-
able***, RMBA, and RMBAg, were calculated by averaging the values at the
centre ofeach adjacent ridge segment withina 20-km-wide and 50-km-long box.
At the East Pacific Rise, Juan de Fuca Ridge, and Southeast Indian Ridge, where
the transtorm tault zones are wider owing Lo segrentation, RMBA - was calcu-
lated by averaging over a 20-km-wide swath @ntred 20 km from the ridge trans-
form intersections. At the Mid-Atlantic Ridge and Southwest Indian Ridge the
RMBA values were averaged over a 10-km-wide swath centred 20 km from the

ridge transtorm intersections. Where digital data are unavailable' =", average

vilues were estimated trom published protiles and maps ot the transtorm taults
and their adjacent ridge swegments.

Full Methods and any azsocialed references are availabla in the online version of
the paper al www.nature com,/ralure
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METHODS

Because there is an inherent non-uniqueness in gravity calculations, we have
created several 2D torward models™ to yuantify the etfects of various mechan-
isms on the gravity signature of a ridge-transtorm system (Supplementary Fig.
71 The light blue and orange shaded regions in Supplementary Fig. 7 indicate
the extent ot ARMBA _  observed along transtorm taults at dow- and tast-
spreading rid ges, respectively. The density used for each of the layers is indicated
in Supplementary Fig. 7. These values do vary in nature'™ "

In thelirst suite of models we varied the crustal thickness by Ak either entirely
as 4 change ot layer 2A, layer 2B, or proportionally throughout the entire crust
(Supplementary Figs 7a, b and ¢, respectively!. All three mechanisms act
to decrease ARMBA | _ i within the range of fast-slipping transtorms with
21 kim otexcess material. Increasing layer 2A requires the least amount of excess
material with 0.25-0.6 ken. The kink in model A results from increasing layer 24
beyond the thickness of layer 2B.

The swond suite of models considers increased porosity in the brittle layer
ilemperatures <600 ‘Cl. Two 3D thermal models were calculated to obtain the
average depth w the 600 'C isotherm along the Sigueiros transtorm tault (1] the
initial 3D passivemantle upwelling model, outlinal in the Mdhod si thered dashed
line at ~3km depth on Supplementary Figs 7d and e/, and (2} 2 hydrothermally
cooled model in which heat conductivity is increased tenfold to 4 km depth (the
Dblue dashed line at6.4 km depth on Supplementary Figs 7d and el Density changes
due to variations in porosity are defined as pldd) = (1 - Doy~ Py, where P
is the porosity, e is the density of the host rock, and g1, is the density of sea
water. Assuming that the britde—ductile transition is at —3 km, porosity would
need 10 be increasad 2-79% 1o achieve the ARMBA| _ g values of magnitude

14 mGal observed at tast-slipping transtorm faclts.

Similar calculations were performed for slow-slipping transforms, assuming
a thicker brittle layer, as was calculated for the Atlantis transform fault. These
resuelts indicate that it is ditficult to explain the ARMBAy g at both fast and
slow-slipping transtorms stmultanco usly, assuming similar porosity structures
in both regions. Because itisunlikely that there will be large increases in porosity
down to ¥ km depth at slow-slipping transtorm taults, even though it is wathin
Lhe pressure wnstraints suggested by ret. 36, we have rerun the 2D slow slipping
transtorm model with increased porosity to 6 ki depth. While porosity increases
in excess of 5% still act w negate the etfect of crustal thinning at slow slipping
transtorm faults, moderate increases of 2-5% are consistent with ARMBA_ ¢
values at both slow- and fast-slipping transtorm faults (Supplementary Fig, Tel.

The final set of torward models includes serpentinization of the mantle
heneath the transtorm fault (Supplementary Figs 7fand g1, Asin the porosity
models, we have inwrporated two 3D thermal calculations at the Sigueiros
transtorm (o obtain average depths to the 500 °C isotherm, which limits the
serpentine stability field*® w 2.5km for uncooled and 6.4km for hydrothermally
cooled lithosphere. Without hy drothermal cooling the 500 -C isotherm lies well
within the upper crust and there is no predicted mantle serpentinization.
However, if hydrothermal cooling is applied from 0 1o 4 km depth, an end
member model of 100% serpentinization will result in a ARMBA - of

10mGal, which is the average of the observed ARMBAy _ ¢ tor fast-slipping
transtorm taults, It a similar model for mantle serpentinization is applied at a
slow-slip ping transtorm fault, mantle serpentinization down to the hydrother-
mally cooled 500 ‘Cisotherm would produce such a large negative RMBA that it
would completely offset the etfect ot crustal thinning, which isinconsistent with
observations,

Additionally, we calculated a modified RMBA at the Siqueiros transform
using the hydrothermally cooled thermal model and the density for 100% ser-
pentine (2,550 kgm™ *)in all regions of the mantle 16 km depth} where the
temperature is <500 ‘C. Even though this correction maximizes the effea of
serpentine, it decreases the average ARMBA - _ g within the Siqueiros transform
fault domain by only <2mGal, and reduces the calculated excess crustal thick-
ness by << 200m.

Laboratory experiments suggest that, if the crust is thinned and mantle up wel-
ling occurs, hydrothermal fluid penetration through thermal cracking and grain
boundary wetting will reach only ~4-6 km depth®”. Therefore, itis unlikely that
hydrothermal fluids will penetrate to great enough depths o serpentinize large
regions of mante beneath fast-slipping transform faults. Moreover, depressing
the 500 C isotherm through hydrothermal cooling is inconsistent with calcu-
lated earthquake depths at oceanic transform faults™. On the other hand, slow-
dipping transform faults display significant crustal thinning and are cooler
than intermediate- and fast-slipping transform faults, implying that a larger
portion of the underlying mantle resides in the serpentine stability field.
However, the locally positive RMBA observed at dow dlipping transform faults
reflects crustal thinning despite the potential for significant serpentinized peri-
dotite’. Together, these results indicate that, while mante serpentinization may

oecur at intermediate and tast-slipping transtorm taclts, the direct contribution
ol serpentinization to the gravity signature is likely © be negligible.
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S1. Supplementary Figures
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Supplementary Figure 1. Bathymetric map indicating the location of the 19 transform faults
analyzed. Thin black lines show the location of plate boundaries for the areas of interest. New
residual mantle Bouguer anomaly (RMBA) calculations have been performed for transform faults
in orange boxes (presented in Supplemental Figs. 2-5). Regions where RMBA calculations have
been previously published'” are indicated by transform faults in white boxes. We included
previous RMBA studies only if both transform fault and corresponding ridges were analyzed by
the same authors using the same parameters. All other RMBA studies we considered from slow-
spreading ridges implied ARMBA > 0. MAR — Mid Atlantic Ridge, EPR — East Pacific Risc,
JAFR — Juan de Fuca Ridge, SWIR — Southwest Indian Ridge, SEIR — Southeast Indian Ridge,
AB — Andrew Bain FZ, Bo — Bouvet FZ, Mo — Moshesh FZ, PE — Prince Edward FZ, AIl —
Atlantis Il FZ, 10 — Islas Orcadas FZ, Ma — Marion FZ, S1 — SEIR1, S2 — SEIR2.
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Supplementary Figure 2. (a) Seafloor depth and (b) RMBA for the Wilkes and Garrett
transform faults on the East Pacific Rise. The solid black linc indicates the plate boundary used
for 3D thermal models at each region®’. Arrows specify the location of overshooting ridge tips
(ORTs) at ridge transform intersections (RTI). The dotted line outlines the Wilkes nanoplulcﬁ,
All supplemental maps (Supplemental Figs 2-6) are at the same map scale.
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Supplementary Figure 3. (a) Scafloor depth and (b) RMBA for the Siqueiros and Clipperton
transform faults on the EPR. The solid black line indicates the plate boundary used for the 3D
thermal models, and black arrows indicate location of ORTs®. Note the Clipperton seamount
chain to the south and west of the western RTIL.
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Supplementary Figure 4. (a) Scafloor depth and (b) RMBA for Southcast Indian Ridge
transform | and transform 2. The solid black linc indicates the plate boundary used for 3D
thermal models at cach region”'’, and black arrows indicate ORTs.
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Supplementary Figure 5. (a) Seafloor depth and (b) RMBA for the Blanco transform fault on
the Juan de Fuca Ridge. The solid black line indicates the plate boundary used for 3D thermal
models at each region''. The Blanco transform fault is the most anomalous of the ARMBA7x
calculated (main text Fig. 2). There are several complications in this region, which are not
incorporated into the 3D thermal model, including the close proximity to the Cascadia subduction
zonec as well as a proposed serpentine intrusion forming Blanco Ridge along the southeastern
portion of the transform fault (~128°W, 43.5°N)'"**. While a serpentine block has been proposed
along the southeastern portion of the transform, the most negative RMBA values are associated
with overshooting ridge tip and bathymetric highs along the northwestern portion of the transform
fault (~130°W, 44.25°N), and are likely due to crustal increases. Karson et al. (2002)" note that
the extrusive volcanic layer along the northwestern portion of Blanco is substantially thicker than
what is predicted by seismic studies in this region. An increcase in layer 2A agrees with our
observation of negative RMBA along this portion of the Blanco transform.

54




34°N

33°N
39°W 38°W
24°N
€
=
=
]
23°N Q
40
24°N =
©
20 3
£
0 <C
=
-20 1
23°N }
-40

47°'W 46°W 45°'W 44°W

Supplementary Figure 6. (a) Scafloor depth and (b) RMBA for the Hayes and Kanc transform
faults on the Mid-Atlantic Ridge. Clecar RMBA “bulls-cye™ minima arc observed at scgment
centers, in agreement with previous studies at slow-spreading mid-ocean ridges.
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Supplementary Figure 7. Three suites of forward models. The calculated ARMBA: i arc
plotted on the top pancls. The light blue and orange shaded region indicates the extent of
ARMBA | ; observed at slow and fast-slipping transform faults, respectively. A) Change in layer
2A thickness (dotted line), B) Change in layer 2B thickness (dashed line), C) Proportional change
in crustal thickness (solid black line). D) Porosity increase in the brittle layer at an EPR-type
fast-spreading ridge-transform system. The model illustration demonstrates that porosity is
incrcascd down to the brittle-ductile transition, the 600°C isotherm, for both an un-cooled (red
dashed line) and hydrothermally cooled (bluc dashed linc) thermal model. The red line with solid
red triangles indicates un-cooled 600°C isotherm and blue line with solid blue triangles indicates
hydrothermally cooled 600°C isotherm in the model results. E) Porosity increase in the brittle
layer at a MAR-type slow-spreading ridge-transform system. The red line with open triangles
indicates un-cooled 600°C isotherm and blue line with open triangles indicates hydrothermally
cooled 600°C i1sotherm. Black dashed line indicates the effect of increasing porosity only to 6 km
depth. F) Serpentinization of the mantle at an EPR-type system (green line with solid green
squarcs). 100% and 25% scrpentinization is shown, and the shaded region marks the serpentine
stability field for the hydrothermally cooled ridge-transform system. The model tllustration
demonstrates that extent of serpentine stability, the 500°C isotherm, for both an un-cooled (red
dashed line) and hydrothermally cooled (blue dashed line) thermal model. The depth of the
500°C isotherm represents the average depth calculated by the 3D thermal model within the
Siqueiros transform. G) Serpentinization of the mantle at an MAR-type system (green line with
open squares). The kinks visible in the 100% and to a lesser extent the 25% curve result when the
thickness of the serpentine layer exceeds 6 km depth, the replacement thickness of layer 3.
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Supplementary Figure 8. A schematic of the calculation of ARMBA{x. ARMBA;; =
[((RMBA; -~ RMBAg,) + (RMBA; — RMBAg,)|/2, where RMBAR, and RMBAg are the average
RMBA valucs on the adjacent ridge segments | and 2, respectively, and RMBA7 is the average
RMBA value along the transform fault domain. The ridge RMBA values, RMBAg, and
RMBAg,, were calculated by averaging the values at the centre of cach adjacent ridge segment
within a 20 km-wide and 50 km-long box shown by green boxes. At the East Pacific Rise, Juan
de Fuca Ridge, and Southeast Indian Ridge, where the transform fault zones are wider due to
scgmentation, RMBA was calculated by averaging over a 20 km-wide swath centred 20 km from
the RTlIs, indicated by the blue boxes. At the Mid-Atlantic Ridge and Southwest Indian Ridge the
RMBA values were averaged over a 10 km-wide swath centred 20 km from the RTIs. This
convention is also used in determining ARMBA/  for the 2D models.
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S2. Supplementary Tables

Supplementary Table 1. Transform fault characteristics®"'****.

Transform  Ridge Appx. Full-slip rate Length  No. of ARMBA7 R
fault System Latitude  (cm/yr) (km) Segments  (mGals)
Garrett* EPR 12°8 14.9 130 4 -6.0
Wilkes EPR 8°S 14.5 100 3 1.7
Siqueiros EPR 8°N 11.8 150 5 -13.6
Clipperton EPR 10°N e 90 l -3.6
SEIR 1 SEIR 48°S 7.54 135 1 -8.2
SEIR 2 SEIR 50°S 7.44 80 | -13.2
Blanco JdFR 42°N 5.8 350 5 -39.7
Kane MAR 24°N 2.5 160 I 6.6
Atlantis MAR 30°N 24 70 | 354
Hayes MAR 34°N 22 90 | 13.7

* Asymmetry of slip at Garrett transform®’ has been incorporated in the thermal model of Garrett transtorm
fault.

Supplemental Table 2. Parameters used in RMBA calculation.

Parameter Value

Sea water density, kg m” 1,030
Reference crustal density, kg m” 2,730
Reference mantle density, kg m™ 3,300
Serpentine density (100% serpentinization), kg m™ 2,550
Reference crustal thickness, km 6
Thermal boundary layer thickness, km 100
Asthenospheric temperature, °C 1,350
Thermal diffusivity, m’s™ 107
Coefficient of thermal expansion, °C” 24x 107
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CHAPTER 3: The effects of mantle rheology and fault segmentation on melt
generation and extraction beneath oceanic transform faults

ABSTRACT

We examine mantle melting and melt extraction beneath fast-slipping, segmented
oceanic transform fault systems. Three-dimensional (3-D) mantle flow and thermal
structure are calculated using a temperature dependent rheology that incorporates a visco-
plastic approximation for the brittle lithosphere. Thermal solutions are combined with
the near-fractional, polybaric melting model of Kinzler and Grove [1992a, b; 1993] to
determine extents of melting as well as major element melt geochemistry. We investigate
the mantle source region of intra-transform spreading centers using the melt migration
model of Sparks and Parmentier [1991] for two end member pooling models: (1) a wide
mantle region that incorporates all of the melt focused to the intra-transform spreading
center; and (2) a narrow pooling region that assumes melt will not migrate across a
transform fault or fracture zone. Models of a 100 km-long transform fault bisected by a
single intra-transform spreading center (ITSC) reveal that crustal thickness at the ITSC is
primarily dependent on the pooling model and the mantle potential temperature, 7.
Assuming that melt is pooled into the transform fault domain over a large region of the
surrounding mantle (model 1), we find that crustal production is enhanced at ITSCs by up
to 3-6.5 km. These model predictions may explain the systematic crustal thickness
excesses observed at intermediate and fast-slipping transform faults [Gregg ef al., 2007].
Furthermore, we find that the variability in major element lava composition is primarily
controlled by 7,,. Applying these techniques to the Siqueiros transform we find that both
the visco-plastic rheology and a wide melt pooling region are required to explain the
observed variations in both crustal thickness and major element geochemistry. Finally,
we find that 7, = 1350°C and fractional crystallization at depths of 9-15.5 km fit the
majority of the geochemical observations at the EPR 9°N segment and the Siqueiros
transform fault system.

To be submitted as P. M. Gregg, M. D. Behn, J. Lin, T. L. Grove, The effects of mantle rheology and fault
segmentation on melt generation and extraction beneath oceanic transform faults, J. Geophys. Res.
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1. INTRODUCTION

Transform faults are a first order feature of the global mid-ocean ridge system.
Transform fault offsets range from 50 km to > 350 km in length and greatly influence the
thermal structure, mantle flow dynamics, and melting at mid-ocean ridges [Fox and Gallo,
1984; Parmentier and Forsyth, 1985; Phipps Morgan and Forsyth, 1988]. Investigations
of transform faults suggest that cool, deep lithosphere at transform fault offsets
effectively divides mid-ocean ridges into unique segments focusing melt toward segment
centers and prohibiting shallow across-transform mantle flow. Gravity and seismic
studies at slow-spreading ridges indicate along-segment variations in crustal thickness
with enhanced magma accretion at ridge segment centers and crustal thinning towards
transform and non-transform offsets [Kuo and Forsyth, 1988; Lin et al., 1990; Lin and
Phipps Morgan, 1992; Tolstoy et al., 1993; Detrick et al., 1995; Escartin and Lin, 1995;
Canales et al., 2000; Hooft et al., 2000]. Juxtaposing the cold, thick lithosphere of a
transform fault next to a warm steady-state ridge segment also influences the resultant
lava chemistry. The geochemical transform fault edge effect has been noted by several
studies and suggests that the cooler mantle region surrounding the transform fault system
promotes deeper and lower extents of melting near segment ends [Bender et al., 1978;
Bender et al., 1984; Langmuir and Bender, 1984; Langmuir et al., 1986; Reynolds et al.,
1992; Reynolds and Langmuir, 1997].

Recent analyses of residual mantle Bouguer gravity anomalies (RMBA) along
several intermediate and fast-slipping transform fault systems indicate that for spreading
rates > ~ 50 mm/yr full-rate, the observed RMBA values within the transform fault
domain are more negative than their adjacent ridge segments [Gregg et al., 2007]. The
more negative RMBA calculated within the transform fault domain at fast-slipping

transform fault systems indicates a mass deficit within these settings. If the mass deficit

is due to crustal thickness variations, these findings contradict the classic model for
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transform faults as regions of thin crust relative to adjacent ridge segments.
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Figure 1. Comparison of bathymetry and crustal thickness predictions for Siqueiros
transform fault along the EPR. (a) EPR segmentation and location of transform faults.
Note that all of the transform faults, except for Clipperton, are segmented by at least one
ITSC. (b) Siqueiros transform fault bathymetry with structural interpretation [Fornari et

al., 1989].

Solid black lines indicate the seafloor fabric, circles show locations of

seamounts, and dashed black lines show the locations of the fracture zones and transform
(c) Lateral variations in crustal thickness derived from RMBA calculations.
Excess crust is defined as the deviation for the reference crustal thickness of 6 km,
assuming seawater, crust and mantle densities of 1030, 2730, and 3300 kg m,
respectively.

fault.
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explanation for these observations is that long-lived spreading centers within a transform
fault system may focus mantle upwelling beneath the transform domain, warm the fault

system and result in excess crustal accretion.

Oceanic transform faults along fast-spreading ridges are often characterized by
segmentation by intra-transform spreading centers [Menard, 1967; Menard and Atwater,
1969; Searle, 1983; Fox and Gallo, 1984]. In the case of several transform fault systems
along the fast-spreading East Pacific Rise (EPR) (e.g., Siqueiros, Garrett, Gofar,
Discovery, and Quebrada transform systems), fresh basalts sampled on ITSCs and
detailed magnetic data suggest accretion is actively occurring [Fornari et al., 1989;
Carbotte and Macdonald, 1992; Hekinian et al., 1992; Hekinian et al., 1995; Perfit et al.,
1996; Nagle et al., 2007]. Segmentation of oceanic transform faults is generally thought
to be the result of transtensional forces imposed on the transform fault zone by plate
motion reorganization of the mid-ocean ridge system [Menard and Fisher, 1958; Menard
and Atwater, 1969]. Specifically, the change in spreading direction enables mantle
upwelling beneath the transform fault domain and the formation of small intra-transform
spreading centers (ITSC) [Searle, 1983; Fornari et al., 1989; Pockalny, 1997; Pockalny
etal., 1997].

In this study, we develop 3-D models of ridge-transform-ridge systems to explore
the effect of transform segmentation on mantle flow, melt generation, and melt
extraction. Recent modeling investigations of ridge-transform-ridge systems have
illustrated the importance of incorporating visco-plastic rheology into thermal models of
these settings [Behn et al., 2007]. We compare the results of models with both a constant
viscosity rheology and a visco-plastic rheology that approximates a brittle lithosphere
[Chen and Morgan, 1990; Behn et al., 2007]. Calculated thermal structures are used in
conjunction with the fractional melting model of Kinzler and Grove [1992a, b; 1993] and
fractional crystallization model of Yang ef al. [1996] to calculate crustal thickness and
predict major element lava compositions. First, crustal thickness and lava composition
are calculated in 2-D and compared to observations at 9°N on the EPR to calibrate

parameters such as mantle potential temperature and the maximum distance of melt
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migration. Second, we investigate a suite of generic 3-D transform fault models
segmented by a single ITSC. Finally, we consider a case appropriate for the Siqueiros
transform fault system (Figures 1b, c¢) and compare our model-predicted crustal
thicknesses and lava composition to geophysical and geochemical observations in this

region.

2. MODEL SETUP

The 3-D mantle flow field and temperature are calculated using the finite element
modeling software COMSOL 3.3 Multiphysics. Mantle flow is driven by the divergence
of two plates each moving with a half-spreading rate, {/, (Figure 2). A stress free
boundary is assumed at the base of the model (100 km depth) allowing for convective flux
from the mantle below. The sides of the models are also stress free. Potential
temperature at the surface (7.) and the base (7,) of the model are set to 0°C and 7,
respectively. The model geometry is varied to explore the effect of fault segmentation by
imposing a single ITSC of length, L;sc, which bisects a transform fault of length /.;

(Figure 2). All model parameters are given in Table 1.

2.1 Numerical Approach

Conservation of mass, momentum, and energy are given by:

Vu=0 (n

p(% fu- Vu) - Vp+n,Vu 2)
[¢

pCus VT +kVT =0 (3)

where p is the density of the mantle, p is pressure, u is the velocity field, 1, is the mantle

viscosity, (), is the heat capacity, 7 is temperature, and £ is thermal conductivity.




T =10 T ‘%" /

- 350 km ‘/

+100 km -

Figure 2. 3D setup for modeling mantle temperature structure beneath a segmented
transform fault. Spreading velocities are imposed at the surface. Other model parameters
include temperatures at the surface, 7., and at the base of the model box, 7,; the length of
transform, Lz, and the length of intra-transform spreading center, Lrsc.
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Mantle flow and temperature are both largely dependent on the assumed mantle
viscosity. To explore the importance of incorporating a visco-plastic rheology, we
compare isoviscous solutions to those calculated using a temperature-dependent viscosity
that incorporates a visco-plastic approximation for brittle failure [Chen and Morgan,

1990; Behn et al., 2007]. The effective mantle viscosity is defined by:
-1
"’lul = —1_ * L s L (4)
nld n[)_\r '10

where 1,4 is the temperature dependent viscosity, 1, is a brittle strength approximation
using Byerlee’s law, and 1)y is the maximum viscosity (10*' Pa‘s). The temperature

dependence of viscosity is approximated by:

Q(l 1 ]
Ny = Mexpl =l ==-—|\; (5)
R\T T/,

where () is the activation energy and R is the universal gas constant. The viscosity

associated with brittle failure is approximated by [Chen and Morgan, 1990]:

S
" hvr = 6)
"o, |

where ¢, is the second invariant of the strain rate tensor, and the maximum shear stress,

S, is defined by:
2
S=g(pr_pw)’ (7)

where p, is the lithostatic pressure, and p,, is the hydrostatic pressure.

The incorporation of a visco-plastic rheology promotes focused mantle upwelling
in areas with high strain rates [Behn et al., 2007]. This effect is most pronounced beneath
the ridge axis and beneath the transform fault domain where strain rates are particularly

high. Therefore, models containing a visco-plastic theology result in a warmer thermal
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structure beneath the ridge axis and transform fault domain than those calculated with a

constant viscosity rheology (Figure 3a).

Hydrothermal circulation within the upper crust will promote more effective heat
loss and therefore decrease temperatures in the upper mantle [Phipps Morgan et al.,
1987; Phipps Morgan and Chen, 1993; Baker et al., 1996, Maclennan et al., 2005]. This
effect is likely to be particularly important at oceanic transform faults where extensive
brittle deformation increases permeability and produces pathways for fluids to reach
greater depths. We assume that hydrothermal circulation is present at temperatures <
600°C and depths < 6 km [Phipps Morgan et al., 1987; Phipps Morgan and Chen, 1993].
Where hydrothermal circulation is assumed to occur we increase the thermal conductivity
by an enhancement factor or Nusselt number, Nu [Phipps Morgan et al., 1987]. Because
permeability most likely decreases with depth due to increased confining pressure and
temperature, the enhancement in conductivity is assumed to decay exponentially as the

depth and temperature approach the cutoff values for fluid circulation:

A*(,_L))*exp A*(I_L)), -
s

where £ is the effective thermal conductivity, &y is the reference thermal conductivity, A

k=k,+ky,*(Nu-1)*exp

is a smoothing factor, 7)., is the cutoff maximum temperature (600°C), z is depth, and

Zmax 18 the cutoff maximum depth (6 km).

2.2 Melt Generation and Extraction

Melting within the mantle at mid-ocean ridges is dependent on pressure and
temperature as well as the chemical composition of the mantle [Grove et al., 1992;
Langmuir et al., 1992; Asimow and Langmuir, 2003]. As such, we utilize the fractional
melting model of Kinzler and Grove [1992b; a; 1993], in which mantle melting is a
function of temperature, pressure, and mantle composition. The benefit of this method is

that the model simultaneously tracks residual mantle and melt compositions, as well as
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Figure 3. Comparison of melting models for two mantle rheologies. (a) Comparison of
mantle temperature sampled beneath the oceanic spreading center for constant and visco-
plastic rheology models. Calculated melt fraction for constant viscosity rheology model
(b) and visco-plastic rheology model (c). The effect of latent heat of melting has been
incorporated into all melting models. KG92 — Kinzler and Grove [1992a, b; 1993], the
solid line; RJ81 — Reid and Jackson [1981], the dashed line; and KO3 — Kaiz et al. [2003],
the dotted line. U, =50 mm/yr, 7,, = 1350°C, Nu = 4, and latent heat of melting, L = 400
Jkg.
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extents of melting. The extent of melting and resultant lava composition are predicted
using a 3-step process: (1) melt production and composition are calculated at each point
in the melting region using polybaric fractional melting; (2) melt migrates to a point at
the top of the melt surface and pools; and (3) the pooled melt undergoes fractional

crystallization in the shallow mantle lithosphere and lava composition is predicted.

2.2.1 Step 1: Fractional Melting

The polybaric fractional melting model of Kinzler and Grove (hereafter “KG92”)
utilizes a parameterized solidus derived from experimental data to calculate extents of
melting [Kinzler and Grove, 1992b; a; 1993]. Specifically, in the spinel stability field
(pressure, p > 9 kbars), the solidus temperature, 7;, is given by the following

parameterization:

I, = 1157 + 16*%(p — 0.001) — 38.7*(1 — Mgt) — 181*(NaK#) — 0*(TiO,), 9)
and in the plagioclase stability field (p < 9 kbars):

I5=1242+9%(p - 0.001) — 120*(1 — Mg#) — 89*(NaK#) — 6.6*(Ti0,). (10)

The oxides TiO,, Na,O, Ca0, and K,O are estimated with the nonmodal batch

melting equation:

Cy

C, = 11
im (D,-v\_ 5 F(I—P ))’ ( )

tm

where C;,, is the concentration of oxide (7) in the melt (m), Cy is the initial mantle
concentration, D;; is the bulk partition coefficient of oxide (i) in the initial solid (s), P;n
is the bulk partition coefficient of the oxide in the melt, and F is the melt fraction. The
oxide concentrations are calculated iteratively using a bisection method. [MgO], and

[FFeO], are also calculated iteratively by solving the mass balance equations:

[MgO], =[MgO] F -[MgO] (1-F), (12)

m
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[FeO], =[FeO], F -[FeO] (1-F), (13)

where [Mg0),, is the wt. % of MgO in the melt, [MgO]; is the wt. % MgO of the initial
mantle composition, and [MgO), is the wt. % MgO of the residual mantle. Similarly,
[FeO), is the wt. % of FeO in the melt, [FeO]s is the wt. % FeO of the initial mantle
composition, and [FeQ)], is the wt. % FeO of the residual mantle. Once the oxides
concentrations are determined using equations (11) — (13), Mg#,, and NaK#/,, the Mg and
NaK numbers of the melt, are calculated using the following equations:

. " (14)
. [MgO]m+[FeO]

m

(Na:O + K:O)

NaK#, =
" (Na,0+K,0+ CaO)

(15)

It is widely accepted that the process of melt generation beneath a mid-ocean
ridge spreading center is adiabatic and occurs over a range of pressures [Klein and
Langmuir, 1987]. Therefore, we utilize the polybaric incremental batch melting approach
with incomplete melt withdrawal (Model 3 in KG92) to approximate fractional melting of
the mantle. This approach assumes a constant melt production rate of 1% melt per | kbar
of ascent. At each melting increment, 99% of the generated melt is removed and
accumulated elsewhere; the remaining melt and depleted mantle ascend another 1 kbar
where they are further melted by 1%. As melting proceeds, the latent heat effect of the
melting reaction acts to decrease the mantle temperature. We incorporate the change in
temperature, AT, at each step in the calculation as a function of melt fraction, the latent

heat of melting, L, and heat capacity, (,, using the following formulation [7urcotie,
1982]:

AT = (16)

o[
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To determine the temperature structure input into the KG92 melting model, the
mantle potential temperature, 7,, at the base of the model domain is set to a value
between 1300°-1400°C. Note that, 7, is defined as the mantle temperature at the surface
extracted along an adiabatic gradient of 0.5°C/km to the base of the model space at 100
km depth. For example, a mantle potential temperature of 1350°C corresponds to a

mantle temperature of 1400°C at 100 km depth.

In the original KG92 fractional melting model, pressure controls the cessation of
melting, and fractional melting is assumed to stop at 4 kbars. In our implementation of
KG92, melting begins when the adiabat crosses the solidus and continues until
conductive cooling from the surface depresses the temperature below the solidus. We
assume that the mantle is described by a four-phase assemblage (olivine, clinopyroxene,
orthopyroxene, and an aluminus phase, either spinel or plagioclase depending on the
pressure), and utilize the depleted upper mantle composition (DMM) of Workman and

Hart [2005] as the initial mantle composition.

2.2.2 Step 2: Melt Migration

To calculate the final melt composition and the resultant crustal production, our
model must determine how melt migrates from the melting region to a nearby spreading
center. Previous 3-D melt migration models have proposed that melt percolating upward
through the hot, permeable mantle will pool along a cooler less permeable boundary (e.g.,
the top of the melting region, the base of the lithosphere, or the cpx-out reaction zone)
and then migrate laterally, “uphill”, along this boundary to the ridge axis [Sparks and
Parmentier, 1991; Sparks et al., 1993; Magde and Sparks, 1997; Magde et al., 1997]. To
simulate this two-step melt migration process, we assume that melt first migrates
vertically to the top of the melting region and then migrates laterally up the slope of the
melting region until it reaches a local minimum in the surface, which typically
corresponds to a nearby spreading center. Melt migration patterns for the constant and

visco-plastic mantle rheology models are shown for a 100 km-long transform fault
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Figure 4. Depth to the top of melting with chosen pooling areas for (a) constant
viscosity rheology and (b) visoc-plastic rheology. Region 1 (delineated by red outline)
pools the entire area of melts that have the potential to migrate towards the ITSC. In
contrast, region 2 (outlined in blue) assumes that melts will not migrate across the
transform fault. Black arrows indicate the gradient of the melt surface and the direction
of melt migration. 7, = 1350°C, Nu = 4.
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bisected by a 10 km-long ITSC (Figure 4). The depth to the top of the melt surface is
contoured and the gradient of the surface (black arrows) is plotted to indicate the slope of

the melt surface and the direction the melt will migrate.

Uncertainties with the melt migration model include: (1) how far melt will
migrate along this boundary before it freezes; and (2) whether melt will be extracted
vertically before it reaches the ITSC. To explore these processes, we investigate two
end-member scenarios for melt migration beneath the transform fault domain. The first
scenario assumes a wide pooling region in which all of the melt projected to migrate to
the transform domain will aggregate at the ITSC (solid red lines in Figure 4). The second
end-member scenario assumes that melt is unlikely to migrate across a transform fault or
fracture zone due to the increased fracture permeability within the fault zone. In this
case, melt is only pooled at the ITSC from a narrow region (solid blue lines in Figure 4).
These models will be referred to as migration Model 1 — wide pooling region, and Model

2 — narrow pooling region in all subsequent discussions.

Crustal thickness at the ITSC is calculated by integrating the melt production rate
over the entire pooling area that is tapped by the ITSC. The integrated melt production
rate is then divided by the spreading rate and the length of the ITSC resulting in an
average crustal thickness for the entire ITSC [Forsyth, 1993].

2.2.3 Step 3: Fractional Crystallization

Finally, to approximate fractional crystallization of the melt prior to eruption we
use the approach of Yang et al. [1996]. This method assumes isobaric fractional
crystallization and calculates the olivine-plagioclase-augite fractional crystallization path
as a function of melt composition and pressure between 0.1 to 800 MPa. In our models,
crystallization pressure is constrained by the depth at which the mantle no longer melts.
Yang et al. [1996] uses algebraic relations obtained from experimentally determined
phase boundaries for olivine-clinopyroxene-quartz and olivine-clinopyroxene-plagioclase

in pseudo-ternary projections, and constraints from mineral-melt exchange reactions
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derived from experimentally produced mineral-melt pairs. This model provides major

element composition for each step of fractional crystallization.

The compositional information calculated with the Yang er al. [1996] approach is
used to create liquid line of decent (LLD) plots and to determine proxies such as Feg and
Nas o, which can be compared to observed major element variations. LLD plots represent
the crystallization path the melt will take as it cools in the shallow parts of the mantle.
Transitions in the crystallizing phase are illustrated by the kinks in the slope of the lines,
which in most cases represent the transitions from the equilibrium phases of olivine +
melt, to olivine + plagioclase + melt, to olivine + plagioglase + clinopyroxene + melt.
LLD predictions for the oxides FeO and Na,O are used as proxies for depth and extent of

melting respectively.

3. NUMERICAL MODELING RESULTS
3.1 Benchmark: Comparison to EPR 9°N

Lava compositions are first calculated in 2-D and compared to observations of
crustal thickness and lava composition at 9°N on the EPR [Batiza and Niu, 1992; Canales
et al., 2003] to calibrate parameters such as 7, and the maximum horizontal distance for
melt migration, Wy, For a constant viscosity rheology, crustal thickness calculated for
T, = 1325°C — 1350°C correlates well with the seismic observations (Figure Sa). While
pooling melt over a wider region results in greater crustal thicknesses, incorporating
hydrothermal cooling (Nu = 4 and 8) decreases the predicted crustal thickness (Figure
5a). As discussed above, the visco-plastic rheology produces a warmer temperature
structure beneath the ridge axis resulting in thicker crust, and we find that 7, = 1325°C
best fits the observations at 9°N (Figure Sb). Incorporation of hydrothermal cooling with
the visco-plastic rheology further focuses mantle upwelling beneath the ridge creating

larger upwelling velocities and slightly thicker crust (Figure 5b).
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rheology. The light gray shaded region indicates the seismic crustal thickness variations
observed at the 9°N segment of the EPR [Canales et al., 2003].
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We also investigate the sensitivity of Fego and Nago to 7, and W, (Figure 6).
Feg and Nag o are normalizations of wt. % FeO and wt. % Na,O to 8 wt. % MgO [K/ein
and Langmuir, 1987]. Fego, which is classically viewed as a proxy for the mean pressure
of melting, increases as the pressure/depth of melting increases. Since Na is highly
incompatible, Nag, is generally used as a proxy for the extent of melting, decreasing as
the extent of melting increases. As 7, increases the depth of the onset of melting
consequently increases, resulting in higher values of Feg, (Figure 6). Additionally,
raising 7, increases the extent of melting and thus Nay is predicted to decrease (Figure
6). However, while Feg and Nag, are strongly dependent on 7, they vary only slightly

with mantle rheology and W,

To calibrate the values for 7, and W, used in our models, we compare our 2-D
ridge results to the geochemical observations of Batiza and Niu [1992]. The Batiza and
Niu [1992] database is comprised of major element basaltic glass data from a
comprehensive dredging program at ~ 9-10°N along the EPR and its flanks. Specifically
we find that, 7, = 1350°C, Nu = 4, and Wy, = 75km results in a reasonably good fit to
the observed FeO and Na,O data (Figure 7a, c). The pressure at the top of the melting
triangle varies for each model run depending on 7, (solid black line in Figure 7). For 7,
= 1350°C the top of the melting region is 2.4 kbars for the constant viscosity model and
2.0 kbar for the visco-plastic rheology model. The dotted line indicates fractional

crystallization at 0.2 kbars.

For models with a visco-plastic rheology, a 7, = 1325°C provides the best match
to the seismically observed crustal thicknesses at the EPR 9°N (Figure 5). However, 7, =
1350°C better predicts the Na,O and FeO values observed in microprobe analyses of
glass samples from the EPR 9°N. There is also a discrepancy in the prediction of Fes
and Nago. The Batiza and Niu [1992] data indicate an Feg of ~ 9, which corresponds to
our model prediction with W,.,; = 75 km and 7, = 1325°C (Figure 6). Furthermore, the
Batiza and Niu [1992] data indicate Nago ~ 2.4, which corresponds to our model

prediction with 7, = 1360°C. Some possible explanations for this disagreement include
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Figure 6. Calculated Naso and Feg as a function of mantle potential temperature, 7,. 7,
= 1350°C and Nu = 4, for Wys = 75 km, 100 km, and 150 km. (a) Constant viscosity

rheology and (b) visco-plastic rheology. Open circles indicate values from individual
model runs.
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Figure 7. Calculated FeO (top panels) and Na;O (bottom panels) vs. MgO for 2D
models of a ridge with a half spreading rate of 50 mm/yr, Wy,; = 75 km, and Nu = 4.
Data points are from major element microprobe analyses of basalt glass samples collected
along the 9°N segment of the EPR by Batiza and Niu [1992]. (a) Constant viscosity
rheology model with 7, = 1325°C. The solid black line indicates fractional
crystallization at top of the melt column and the dashed line indicates crystallization at
0.2 kbars. Mantle potential temperature, 7, = 1350°C. (b) Models for visco-plastic
rheology with 7), = 1325°C. (c) Models for visco-plastic rheology with 7, = 1350°C.
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mantle source heterogeneities, variations in the assumed melt production rate of 1% melt
per kbar, and differences in the radius of melt pooling. Based on our 3-D model results,
described later, we believe that these discrepancies arise from complexities in the pattern
of melt migration, which controls crustal thickness variations. Because 7, = 1350°C
provides the best match to the major element compositions and 7, = 1325°C best matches
the crustal thickness data, we investigate 3-D models in later sections with both of these

temperature constraints.

We also compare the melt productivity predicted by KG92 with two other melt
models, Reid and Jackson [1981] (referred to as “RJ81”) and Katz et al. [2003]
(hereafter “K03”). RJ81 incorporates a pressure-temperature solidus relationship and
calculates melting linearly as a function of the difference between the temperature of the
mantle and of the solidus at a given pressure. KO3 incorporates the Hirschman [2000]
solidus into a parameterized equation for mantle melting. KG92 differs from the melting
approximations of the RJ81 and K03 models because its solidus is reached at shallower
depths in the mantle [Reid and Jackson, 1981; Katz et al., 2003]. As a result, the KG92
model produces lower extents of melting than the K03 and RJ81 models. Calculated
maximum melt fractions, F.y, for the KG92 model reach only 13.9% for the constant
viscosity case and 14.5% for visco-plastic rheology (Figures 3b, ¢). In contrast, /., for
RIJ81 1s 22.1% for constant viscosity and 25.5% for visco-plastic rheology, while F,,,, for
K03 is 22.3% for constant viscosity and 27.4% for a visco-plastic rheology (Figures 3b,
c). Mean extents of melting range from 5-6% for KG92, 9-10% for RJ81, and 7-9% for
KO03. These differences become increasingly important when estimating production of
crust and the predicted lava composition. To match the crustal thicknesses observed at
the EPR 9°N segment, the RJ81 and K03 models require much shorter distances of melt

migration to the ridge axis and/or lower values of 7, compared to KG92.
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3.2 3D Segmented transform fault results

We investigate the effects of fault segmentation on melt production and migration
by exploring a series of models for different ITSC lengths (Figure 2). Using the ridge
parameters that best fit the 2-D models at the EPR 9°N, we assume 7, = 1350°C, Nu = 4,
and U/, of S0 mm/yr for the constant viscosity models and 7, = 1325°C and 1350°C, for
the visco-plastic rheology models. Similar to the 2-D results, for a specific value 7, the
principal factor controlling crustal thickness is the size of the region over which melt is
pooled (Figure 8). This is illustrated by investigating the change in crustal thickness, At,,
at the ITSC as compared to a reference crustal thickness of 6 km. For the wide melt
pooling (Model 1) we find that as L;zs¢ is increased, At. decreases (Figure 8). This is
because, regardless of their length, ITSCs pool melt from a similar sized mantle region.
Hence, when the pooled melt is averaged over the length of the ITSC, there is a larger
effect on predicted crustal thickness for shorter ITSCs. As the length of the ITSC
increases, it behaves more like a steady-state ridge segment. For narrow pooling (Model
2) as the ITSC length is increased, the predicted crustal thickness also increases (Figure
8). Compared to calculations with a constant viscosity, the visco-plastic rheology model
promotes focused upwelling in regions of increased strain rate beneath the transform and

thus systematically predicts greater variations in crustal accretion.

Fault segmentation also influences melt composition at the ITSCs. For both wide
and narrow melt pooling models, calculations with a constant viscosity predict both Fes
and Nago to decrease as the length of the ITSC increases (Figure 9a). These trends
suggest that the extent of melting increases and the pressure of melting decreases as the
ITSC length increases. This is consistent with the predicted mantle thermal structure,
because increasing the length of the ITCS will eventually create a warmer, steady-state

ridge segment with higher extents of melting and melting to shallower depths.

In contrast, cases with a visco-plastic rheology predict relatively uniform lava
composition within the transform fault domain (Figure 9b). This occurs because the

visco-plastic rtheology predicts an overall warmer thermal structure at the ITSC, which is
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Figure 8: Calculated change in crustal thickness, At., as a function of Litsc, where At. is
defined as the difference between the predicted 3D crustal thickness at the ITSC and a
reference model assuming 6 km of crust. Calculations were done for (a) constant
viscosity rheology and (b) visco-plastic rheology. Model 1 incorporates melt from the
wide pooling region (circle symbols), while Model 2 is for the narrow melt pooling
region model (square symbols). Each symbol is the result of a single 3D model run. Top
and bottom error bars indicate the range in the calculated crustal thickness by using the
melt surface contour of 0.05 and 0.1, respectively. Calculations with 7, = 1350°C and
Nu = 4 are indicated by filled symbols, whereas models with 7, = 1325°C and Nu = 4 are
indicated by open symbols.
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relatively insensitive to the length of the ITSC. This indicates that the compositional
signature of the transform fault is sensitive to mantle rheology. Specifically, while
models with a constant viscosity rheology predict a transform fault effect on ITSC lava

chemistry, models with a visco-plastic rheology do not.

4. APPLICATIONS TO THE SIQUEIROS TRANSFORM FAULT SYSTEM
4.1 Tectonic Setting

The Siqueiros transform fault (Figure 1b) has been the site of several
investigations including rock dredging and Alvin dives [Perfit et al., 1996], magnetic
[Carbotte and Macdonald, 1992] and gravity [Gregg et al., 2007] surveys, and detailed
geologic mapping [Fornari et al., 1989]. This wealth of data makes it an ideal location to
investigate the effects of fault segmentation. The Siqueiros transform system is a ~140
km-long left-lateral offset located between 8° 20°’N and 8° 30’N on the EPR. The half
slip-rate of the transform system is ~ 55 mm/yr [DeMets et al., 1990; 1994]. Bathymetry
and side-scan sonar collected from Siqueiros reveal that the transform system is
segmented into five fault strands separated by four ITSCs labeled A—D from west to east
(Figure 10) [Fornari et al., 1989]. The current, segmented geometry of Siqueiros
transform is thought to be the result of several discrete periods of counterclockwise

rotation in the spreading direction (~ 4-8°) over the past 3 m.y. [Pockalny et al., 1997].

Residual mantle Bouguer gravity anomalies (RMBA) calculated along the
Siqueiros transform fault system suggest a mass deficit within the transform fault domain
[Gregg et al., 2007]. Assuming that the entire gravity anomaly is due to crustal thickness
variations the RMBA data indicate excess crustal thickness (as compared to a reference
crust of 6 km) of up to 1.5 km associated with bathymetric high associated with ITSC D
(Figure 2c). Excess crust is also associated with ITSCs B and C along the central portion
of the transform fault, and in the inactive fracture zones on either side of the Siqueiros
transform system [Gregg et al., 2007]. Gravity analysis did not reveal excess crust at
ITSC A.
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Figure 10: Shaded bathymetry for the Siqueiros Transform showing the locations of rock
dredge and Alvin dive samples (colored symbols) collected along the transform fault
[Hays, 2003]. The solid black line indicates the plate boundary, while the letters denote
individual ITSCs.
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We incorporate the geometry of Siqueiros transform system into a 3-D model to
evaluate melting and melt migration beneath the fault zone. ITSCs A-D range in length
from 10 km at ITSC A to <5 km at ITSC D. Due to the obliquity of the ITSCs within the
transform fault and the computational difficulty of the exact geometry, the orientations of
each of the ITSCs have been squared off so that they are orthogonal to the transform fault

strands and parallel to the adjacent ridge segments (Figure 11).

4.2 Crustal Thickness Predictions at Siqueiros

Model-predicted crustal thickness variations at the Siqueiros fault system are
strongly dependent on mantle rheology (Figure 1la and b). The constant viscosity
rheology predicts a cooler mantle beneath the transform system and, subsequently, lower
extents of melting compared to the visco-plastic rheology (Figure 11a). Along the
western portion of Siqueiros, the predicted crustal thickness variations due to the wide
melt pooling (Model 1) match the gravity-derived crustal thicknesses calculated for
ITSCs A and B (Figure 11c). However, the predicted crustal thickness diminishes to the
east and does not match the observed gravity-derived crustal thicknesses at ITSCs C and
D. Similar to the single ITSC models, segmentation geometry plays an important role in
how the melt migrates into the transform fault. At ITSC A, the effect of the western
ridge-transform intersection (RTI) results in a local minimum in the top of the melting
region that is offset to the north of ITSC A. While we assume that these melts would be
distributed along ITSC A, the offset suggests that this would not be a steady-state
geometry. Because of the proximity of ITSC D to the eastern RTI and its relatively short
length (~ 5km), ITSC D does not induce a local minimum in the top of the melting
region. Therefore, melt produced near ITSC D is predicted to migrate to the eastern RTI

and, thus, will not contribute to crustal accretion at ITSC D (Figure 11¢).

The key difference between the visco-plastic and constant viscosity models is that
the visco-plastic rheology predicts a warmer shallow mantle beneath the transform fault

domain and higher overall extents of melting. The warmer temperature structure causes
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Figure 11: Results from the Siqueiros Transform melting models. (a) Depth to the top
of melting calculated for a ridge-transform-ridge system with the geometry of Siqueiros
and a constant viscosity rheology. Arrows indicate the local spatial derivative of the melt
surface that is assumed to be the melt migration direction. Red solid line indicates wide
melt pooling regions (Model 1). Blue solid lines indicate the narrow melt pooling
regions (Model 2), which assumes that melt does not migrate across the transform fault.
(b) The depth to the top of the melt surface for the visco-plastic rheology case. (c)
Calculated and estimated crustal thickness values for the constant viscosity model. 7, =
1350°C and Nu = 4. Gray bars show the gravity-derived crustal thicknesses at the
Siqueiros transform fault from Gregg et al. [2007]. Red bars indicate the predicted
crustal thickness for the wide pooling region model. Blue bars indicate the predicted
crustal thicknesses for the narrow pooling region model. Note that no crustal accretion is
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Crustal thickness predictions for the visco-plastic rheology model. 7, = 1325°C and Nu
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indicated by the dotted lines.
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each ITSC to produce a local minimum in the top of the melting region and therefore
enhances crustal accretion at each ITSC (Figure 11b). For 7, = 1325°C the predicted
crustal thickness for the wide pooling model (Model 1) generates a good fit to the
gravity-derived crustal thickness data at all 4 ITSCs. Varying 7, from 1325°C to 1350°C
(dotted bars in Figure 11d) results in predicted crustal thickness values that are
approximately the same as those derived from gravity at ITSCs A, B, and C, but over-
predicts the crustal thickness produced at ITSC D. Finally, the crustal thickness values
predicted using narrow melt pooling (Model 2) for both the constant and visco-plastic
rheologies are significantly smaller than those derived from the RMBA data, indicating
that a wide melt pooling region is necessary to produce the crustal thickness variations

calculated from the gravity anomaly.

4.3 Geochemical Predictions at Siqueiros

We utilize major element analyses of the glassy chill margins from fresh basalts
collected via dredge and Alvin dive along the Siqueiros fault system (Figure 10) [Perfit et
al., 1996; Hays, 2004]. Using the isobaric fractional crystallization model of Yang et al.
[1996], the predicted liquid lines of descent (LLD) are compared to the observed major
element composition of the Siqueiros transform lavas. Fractional crystallization pressure
is fixed by the depth where melting ceases (solid lines in Figures 12 and 13) or at 0.2
kbars for the average seafloor depth (dashed lines in Figures 12 and 13).

In general, the visco-plastic rheology with wide pooling and 7, = 1350°C does the
best job of fitting the majority of the data (Figures 12 and 13). Both the constant and
visco-plastic rheology models compare favorably to the observed FeO composition and
there is very little difference between the wide and narrow pooling models. The warmer
temperatures resulting from the visco-plastic rheology model produce lower FeO

implying lower pressures of mantle melting compared to the constant viscosity rheology
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Figure 12. Liquid lines of decent (LLD) model calculations of FeO vs. MgO. Colored
LLD in each panel correspond to the color of the data point for each ITSC or transform
fault strand as shown in the legend on the lower right and in Figure 10. Solid LLD lines
indicate fractional crystallization at the top of the melt surface, which ranges in depth
from 18-24 km (6-8 kbars) for constant viscosity and 9-15.5 km (3-5 kbars) for visco-
plastic rheology, while dashed LLD lines indicate fractional crystallization at 0.2 kbar
which would be expected for fractional crystallization in a shallow magma lens. All
models were run for 7, = 1350°C and Nu = 4. The gray shaded regions indicate the
predicted model region for 7, = 1325°C. Models were run for (a) constant viscosity
rheology and (b) variable rheology models and for a wide melt pooling region (top
panels) and a narrow melt pooling region (bottom panels).
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indicate fractional crystallization at the top of the melt surface, which ranges in depth

from 18-24 km (6-8 kbars) for constant viscosity and 9-15.5 km (3-5 kbars) for visco-

plastic rheology, while dashed LLD lines indicate fractional crystallization at 0.2 kbar
which would be expected for fractional crystallization in a shallow magma lens. All

models were run for 7, = 1350°C and Nu = 4. The gray shaded regions indicate the
model region for 7, = 1325°C. Models were run for (a) constant viscosity and (b) visco-

plastic rheology models for a wide melt pooling region (top panels) and a narrow melt

pooling region (bottom panels).
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(Figures 12a, b). Fractional crystallization at the depth of melt termination, 18-20 km
and 9-15.5 km for the constant and visco-plastic rheologies respectively (solid LLD in
Figures 12 and 13), fits the data much better than fractional crystallization at shallower
depths (dashed LLD in Figures 12 and 13). The discrepancy between the Siqueiros FeO
data and the visco-plastic rheology predicted LLD may indicate that crystallization is
polybaric and a mixture of melts fractionally crystallized at various depths (Figure 12b).
Incorporating a lower 7, of 1325°C results in shallower melting with lower FeO and
higher Na,O predictions that do not agree as well with the Siqueiros data for either
mantle rheology. The constant viscosity model under-predicts the extent of melting, i.e.,
Na,O values that are too high, for both wide and narrow pooling (Figure 13a). This is
consistent with the under-prediction of crustal thickness using the constant viscosity

model.

The predicted trends in Feg and Nag o for the Siqueiros transform system are very
similar to those predicted by the generic ridge-transform-ridge models (Figures 9a, b).
As the ITSCs decrease in length from west to east along the Siqueiros transform fault, the
visco-plastic rheology predicts little to no variation in the Fego and Nag, (Figure 14b).
On the contrary, the constant viscosity rheology predicts that both Fego and Nag, will
increase indicating that the extent of melting decreases and the depth of melting
increases. The observed range in Nag o (shown by the error bars in Figure 14) appears to
increase slightly along the transform fault in agreement with the model predictions, but
Fego decreases slightly from west to east along the transform fault system. Both
rheological models intersect the range of Feg o and Nag o observed at all of the ITSCs and
fault strand AB, but do not do a very good job of predicting the values observed at fault
strand BC.

5. DISCUSSION

5.1 Factors controlling crustal thickness variations

Melt migration beneath mid-ocean ridge spreading centers is poorly constrained.
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Figure 14: Fego and Nagy predictions for each of the ITSCs and their connecting fault
segments at the Siqueiros Transform. Mean data values are indicated by solid dots
[Hays, 2004], while error bars indicate the total spread observed in the data. Dark gray
boxes indicate predictions for a wide melt pooling region and fractional crystallization
from 0.2 kbar to the top of the melting region (~6-8 kbar for constant viscosity and 3-5
kbar for visco-plastic rheology). Light gray shaded boxes indicate the predictions for a
narrow melt pooling region and fractional crystallization from 0.2 kbar to the top of the
melting region (~6-8 kbar for constant viscosity and 3—5 kbar for visco-plastic rheology).
Open boxes show the predictions for melts migrated to the transform fault strands AB
and BC.
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In 2-D ridge models, the predicted crustal thickness variations are sensitive to W,,, and
T,. For example, for Uy = 50 mm/yr, W01 = 75 km, and T, = 1350°C, the KG92 melt
model predicts a crustal thickness of 6-7 km, while the K03 and RJ81 melting models
predict thicker crust on the order of 8-10 km. Therefore, to match the crustal thickness
variations observed at the EPR 9°N segment, the RJ81 and KO3 models require the

migration of melt over shorter distances to the ridge axis or lower values for 7),.

A similar relationship is observed in 3-D at ITSCs within a transform fault
system. Previous studies have assumed that melts extruded at ITSCs came from directly
below the transform fault domain or from the nearby ridge axis, and have discussed the
possibility that melts may be drawn in across the transform fault from large regions of the
surrounding mantle [Fornari et al., 1989; Hekinian et al., 1992; Hekinian et al., 1995;
Perfit et al., 1996; Wendt et al., 1999]. If we assume that the negative RMBA observed
along the Siqueiros fault system is due to crustal thickness variations, melts must
somehow focus into the transform fault from large regions of the mantle. The wide melt
pooling model for the Siqueiros transform predicts that melts must travel, on average,
~40 km to reach an ITSC. This is approximately half the distance that was required for
melts to migrate (75 km) in order to match the EPR 9°N data in our 2-D melting models.
However, since there are fresh lava flows observed along the fault strands separating the
ITSCs, it is clear that some of the melt does not make it to the spreading segments [Perfit
et al., 1996]. Overall, we conclude that to generate enhanced crustal thickness within
fast-slipping transform systems, melt must migrate into the transform domain from a

wide region of underlying mantle.

RMBA derived crustal thickness variations [Gregg, et al., 2007] at the Garrett
transform fault also suggest that melt must come from a wide region of the mantle.
However, the melt generated in the mantle surrounding the Garrett transform does not
appear to migrate directly into the transform fault and aggregate at the ITSCs. The
Garrett transform is ~ 130 km-long with three ITSCs containing four ridges ~ 9 km-long

that lie in between four fault strands [Hekinian et al., 1992]. Peridotites collected from
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the Garrett transform are very depleted, indicating high degrees of melting in the mantle
regions surrounding the fault system [Niu and Hekinian, 1997a; Niu and Hekinian,
1997b; Constantin, 1999]. However, the majority of the excess crust observed at the
Garrett system is associated with the flanking topography correlating to the transform
fault and fracture zones and not with the ITSCs within the transform domain. The Garrett
ITSCs appear to correspond to regions of modest crustal thicknesses equal to or less than
the adjacent ridge segments [Gregg et al., 2007]. These observations suggest that the
melts pooled from a wide mantle region surrounding the Garrett system are extruded on
the flanks of the transform fault where more permeable pathways may have been

produced by brittle deformation.

5.2 The Siqueiros Transform Effect on Mantle Melting

The geochemical transform fault effect suggests that the cooler mantle region
surrounding the transform fault system will promote deeper and lower extents of melting
[Bender et al., 1978; Bender et al., 1984; Langmuir and Bender, 1984; Langmuir et al.,
1986, Reynolds et al., 1992; Reynolds and Langmuir, 1997]. However, previous studies
have illustrated considerable overlap in the observed composition of lavas collected along
the EPR 9°N segment and the Siqueiros transform fault system [Perfit et al., 1996; Hays,
2004] and only modest along-segment variation in the composition of lavas from the 9°N
ridge segment approaching the Siqueiros transform fault [Langmuir et al., 1986].
Furthermore, the investigation of U-series disequilibria in basalts collected at the
Siqueiros transform fault suggests that the upwelling and melting rates beneath the
transform fault are very similar to those observed in samples from 9°30° N on the EPR

[Lundstrom et al., 1999].

The incorporation of the visco-plastic mantle rheology into the thermal models for
a transform fault creates a warmer thermal structure beneath the transform fault domain.
This viscosity effect coupled with a segmented transform fault geometry results in
melting processes at ITSCs that mimic the processes occurring at nearby ridge segments,

and predicts extents of melting and lava composition at the ITSCs that are comparable to
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those observed at a steady-state ridge segment. Therefore, not only does the visco-plastic
rheology model match the geophysical and geochemical observations at Siqueiros, this
rheology does a very good job of explaining why the ITSCs of Siqueiros are producing
EPR-like lavas.

5.3 High-pressure Fractional Crystallization

While high pressure fractional crystallization has been proposed by Michael and
Cornell [1998] to explain compositional variability at slow-spreading ridges with low
magma flux, Langmuir et al. [1992] maintain that there are many problems associated
with this mechanism. The primary argument of Langmuir et al. [1992] is that in a ridge
setting the lithosphere must be sufficiently thick to shut melting off at depth and that
high-pressure crystallization must be consistent with melting processes. By combining
fractional melting and crystallization models with mantle thermal models we are able to
quantify both the termination of melting and the onset of crystallization. At the 9°N
segment of the EPR our predicted fractional crystallization depth range of ~ 0-3 km (0.2—
1.0 kbar) matches major element composition observations [Batiza and Niu, 1992] and
crustal thickness variations [Canales et al., 2003], as well as previous estimations for
shallow crystallization beneath the EPR ridge axis [e.g., Michael and Cornell, 1998]. On
the other hand, we find that models of fractional crystallization at much greater depths,
9-18 km (3-6 kbars), fit the observed variations in composition at the Siqueiros
transform fault ITSCs [Perfit et al., 1996; Hays, 2004]. In fact, models of shallow
crystallization do a very poor job of predicting the observed major element variations at
the Siqueiros transform fault. Specifically, if shallow-level fractional crystallization were
occurring we would expect the observed compositions to fall upon the 0.2 kbar line in
Figures 12 and 13. Since our models take into account the full melting process and
begin crystallization at depths above melt termination, they are self-consistent given the

physical constraints of melting and crystallization processes.

97




5.4 Melt Extraction at Siqueiros Transform Fault

The observed major and trace element data from the Siqueiros transform system
vary widely from enriched mid-ocean ridge basalt (EMORB) to depleted mid-ocean ridge
basalt (DMORB). However, lavas from a single tectonic region within Siqueiros are
relatively homogenous (e.g., Figure 13) [Perfit et al., 1996; Hays et al., 2004]. These
findings have led previous researchers to suggest that there are multiple mantle sources
beneath the transform fault and that each ITSC and fault strand is independent of its
neighbor and taps a different melt lens and/or mantle supply [Fornari et al., 1989; Perfit
et al., 1996; Hays, 2004]. Fornari et al. [1989] proposed that the variations in the
observed lava chemistry result from melt accumulation at different depths due to the
complex thermal structure of Siqueiros. The range of normal MORB compositions found
in the lavas collected from the ITSCs suggest the existence of a frequently replenished
melt lens beneath each ITSC [Perfit et al., 1996]. Perfit et al. [1996] further suggested
that the primitive lavas collected from fault strand AB might be the result of tapping into
the unmixed, undifferentiated lower levels of a magma chamber, possibly from one of the
adjacent ITSCs. All of these previous studies suggest that the three-dimensional
magmatic regime beneath Siqueiros is convoluted, and are unclear as to how each ITSC

is supplied from the mantle.

Until now, the process of melt feeding into the transform fault domain has been
thought of as fairly two-dimensional in that the supply of melt must either come from
directly below the transform fault or from the nearby ridge axis. Our 3-D thermal and
melt models for Siqueiros indicate that melt present in the mantle regions flanking the
transform fault should also supply the ITSCs. By using classic melt migration techniques
[e.g., Sparks and Parmentier, 1990] that pool melts from a large region of the mantle and
fractionally crystallizing them at the depth of melt termination, we can reproduce the
same range of major element lava composition that is observed (Figures 12b, and 13b).
The results of our models indicate that melts extracted at Siqueiros are aggregated from a
wide region of the mantle and experience fractional crystallization at depths raging from

~ 9-18 km. This suggests that the variations in the geochemisty of lavas from Siqueiros
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transform fault can be explained by the complexities of migrating melt into the transform

fault, and do not require (nor preclude) multiple sources beneath Siqueiros.

6. CONCLUSIONS

Our investigation of melt extraction at segmented oceanic transform faults
illustrates that melt migration into the transform fault domain is a fully three-dimensional
process that incorporates melts from a wide region of the mantle surrounding the
transform fault. Assuming that melt is migrated into the transform fault domain from a
large mantle region, we find that crustal production 1s enhanced at ITSCs by 2.5 km for
models incorporating an isoviscous rheology and up to 3-6.5 km for visco-plastic
rheology models. These model predictions may explain the systematic excess crustal
thickness observed at intermediate and fast-slipping transform faults [Gregg et al., 2007].
Specifically, to match the gravity-derived crustal thickness variations observed within the
Siqueiros transform fault (> 1.5 km), melt must aggregate from a wide pooling area.
Finally, utilizing a visco-plastic rheology, with 7,, = 1350°C, in conjunction with the
fractional melting model of Kinzler and Grove [1992a, b; 1993] and the fractional
crystallization model of Yang et al. [1996], we demonstrate that the observed variations
in major element composition from the Siqueiros transform fault can be explained by
pooling melts from a wide region of the mantle and fractionally crystallizing them at the

depth of melt termination, ~ 9—-18 km.
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9. TABLES

Table 1. Model parameters

Parameter Value

A Smoothing coefficient for hydrothermal cooling equation 0.75
Gy Specific heat capacity, J kg °K™' 1.25x 10°
un Reference maximum viscosity, Pa s 107

k Thermal diffusivity, m’s’ 10°

ko Reference thermal conductivity, W i o 3

L Latent heat of melting, J kg 400

Ly Transform fault length, km 100

Lirsc Intra-transform spreading center length, km 5-25
Nu Nusselt number 1-8
Q Activation energy, J mol 250 x 10°
P Reference mantle density, kg m™ 3300

R Universal gas constant, J mol”' °K” 8.3114
T. Temperature at the surface of the thermal model, °C 0

j Maximum temperature of hydrothermal fluid circulation, °C 600

T, Mantle potential temperature used in melt models, °C 1300 - 1400
Uy Imposed spreading half-rate, mm yr'' 50

Weoar Horizontal length-scale for melt migration, km 75 -200
Ziriax Maximum depth of hydrothermal fluid circulation, km 6
Table 2. Variables

Variable

Cy Initial oxide concentration

(GF Concentration of oxide, 1, in the melt

D5 Bulk partition coefficient of oxide, i, in the initial solid

At Change in crustal thickness, km

£y Second invariant of the strain rate tensor, s™'

F Melt fraction, %

| S Maximum melt fraction, %

Mbyr Brittle strength viscosity, Pa s

Mid Temperature dependent viscosity, Pa s

Mo Total viscosity, Pa s

k Effective thermal conductivity, W m' °K”'

P Pressure of melting, kbars

pr Lithostatic pressure, Pa

D Hydrostatic pressure, Pa

B Bulk partition coefficient of oxide, i, in the melt

S Maximum shear stress, Pa

T Temperature, °C

T, Solidus temperature, °C

u Velocity field
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APPENDIX: Seismicity characteristics of the equatorial East Pacific Rise and
its offsets

ABSTRACT

We utilize hydroacoustic data collected from May 1996 to November 2001 by
NOAA/PMEL’s Equatorial Pacific autonomous underwater hydrophone (AUH) array to
investigate the first order spatial and temporal variability of seismicity of the equatorial
Pacific within the array and in particular, the East Pacific Rise (EPR). Our statistical
analyses reveal strong evidence of seismic clustering along the EPR. The majority of
earthquakes are clustered in seismic swarms in which individual events occurred within a
few km and minutes or hours of each other. We examine the seismicity and segmentation
characteristics of eight transform fault systems in our study area: Clipperton, Siqueiros,
Quebrada, Discovery, Gofar, Yaquina, Wilkes, and Garrett transform faults. While the
seismic moment release recorded in the CMT catalog over the past 30 years increases
with increasing brittle area for each transform fault, the number of recorded AUH events
does not appear to be correlated to brittle area. On the other hand, with the exception of
Clipperton transform fault and the G3 segment of Gofar transform, the number of
recorded AUH events increase with increasing transform segment length. More than
90% of the seismicity recorded on the ridge axis is associated with overlapping spreading
centers (OSC). While many of these events can be attributed to tectonic activity on the
OSC, there is also evidence for magmatically induced seismicity.
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TABLES

Table 1. First-order ridge segmentation within the study area

No. of seismic

North end South end events
Segment  Lat°N Lon ‘W Lat °N Lon °W Length, km AUH CMT

1 12.5 -104.4 10.433 -103.562 284 .4 8 0

2 10.04 -104.33 8.45 -104.208 17T 49 0

3 8.3 -102.88 2.667 -102.15 630.4 175 0

4 1.167 -102.15 -3.7 -102.6 542.5 142 2

5 -4.088 -104.522 -4.481 -104.644 45.6 18 0

6 -4.565 -106.323 -6.12 -106.85 173 151 0

7 -6.28 -107.49 -8.6 -108.12 266.7 59 0

8 -8.95 -109.775 -13.4 -111.35 5229 21 0

Table 2. Transform fault characteristics

Full slip-  Brittle No. No. AUH No. AUH Segment

Length rate area AUH events/  events/ No. of brittle area
L A A” events A L Segments As T
Transform km mm/yr km? km~ km™ km?®
Clipperton 90 105.3 326 129 0.40 143 1 326
Siqueiros 140 111.9 709.5 1356 1.91 9.69 5 2172
Quebrada 120 137.4 450.75 1024 227 8.53 4 163.3
Discovery 70 137.9 196.7 586 2.98 8.37 2 1214
Gofar 190 138.8 905.2 971 1.07 511 3 460.9
Yaquina 60 1414 152 268 1.76 4.47 2 51.3
Wilkes 180 145 555 1505 2.71 8.62 3 364.9
Garrett 130 149.8 488 aké| 0.35 1.32 4 179.6

"DeMets [1990]

" The total brittle area of the transform fault is the area above the 600°C isotherm determined by a half-
space cooling model for the given total transform fault length (L) and spreading rate (V).

Segmented brittle area is the sum of the areas above the 600°C isotherm determined by a half-space
cooling model for each segment of a transform fault (Ag given in Table 2).
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Table 3. Transform fault segmentation characteristics

Brittle No. No. AUH
Segment Length area AUH events/

name Ls As events As ITSC Litsc
km km? km™ km
Siqueiros Transform
S1 33 64.5 216 3.35 SA 18
S2 42 98.6 418 424 SB 8
S3 24 38 201 5.29 SC 5
sS4 23 36.5 237 6.49 SD 5
S5 25 39.6 284 AT
Quebrada Transform
Q1 40 79 152 1.92 QA 7
Q2 24 34.4 231 6.72 QB 9
Q3 22 25.9 175 6.76 Qc 10
Q4 20 24 466 19.42
Discovery Transform
D1 30 50 340 6.80 DA 6
D2 37 71.4 243 3.40
Gofar Transform
G1 49 112 358 3.20 GA 11
G2 35 63.4 226 3.56 GB 20
G3 89 285.5 380 1.33
Yaquina Transform
Y1 0osC 40
Y2 31 51.3 228 4.44
Wilkes Transform
WN Nannoplate 1435
w1 66 34.8 395 11.35 WA 10
W2 70 236.3 1110 4.70
Garrett Transform
G1 18 18.3 61 3.33 GA 17
G2 34 59.6 144 242 GB 15
G3 22 25.9 157 6.06 GC 15
G4 40 75.8 106 1.40
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Table 4. OSC characteristics

0sC Offset Offset Overlap Overlap AUH CMT AUH #
direction distance (km) distance (km) area (km?)  # # /km?
9.0°N right 9 30 270 0 0 0
7.2°N right 2 - 2 20 0 10.00
5.5°N right 8 13 104 9 0 0.09
4.9°N right 5* 20 100 1 0 0.01
3.4°N right 13* 9 117 69 0 0.59
1.0°N left 5* - 5 - 0 0
1.2°8 left 4* 6 24 8 0 0.33
2.8°S left 27" 21 567 65 2 041
5.5°S right 16* 1 165 129 0 0.78
7.2°8 right 6* - 6 2 0 0.33
9.6°S right 5" 10 50 2 0 0.04
10.9°S right 6* 13 78 6 0 0.08
* Data from Lonsdale [1989]
Table S. Teleseismic and hydroacoustic events
CMT Event __Hydrophone Event
Region Mw_ SL (dB) Year Jday Time Lat Lon Time Lat Lon Phones
Northern EPR
Siqueiros 58 23722 1998 130 63551 893 -10356 63550 845 -10298 12456
Siqueiros 58 23875 1998 131 1:3440 882 -10330 13442 838 -10318 12456
Siqueiros 55 23480 2000 225 141315 887 -10376 141311 830 -10407 23456
Siqueiros 57 24459 2001 116 185956 859 -10333 190000 833 -103.46 1234567
Siqueiros 53 24090 2001 116 203902 861 -10334 203901 839 -10336 1234567
Galapagos 53 203.52 2001 141 164315 267 -9513 164309 263 -9536 1234567
Southern EPR
2550SC 54 23184 1998 169 19:03:45 -285 -10257 190345 -290 -10257 12456
2580SC 54 20704 2001 298 90447 270 -10269 90449 -270 -10265 1234567
Discovery 59 23676 1996 236 215613 -380 -10440 215616 -399 -10440 12346
Discovery 58 23688 1996 236 221904 -386 -10425 221901 -401 -10425 12346
Discovery 55 22435 1998 319 4:51:49 -362 -10423 45325 -401 -10417 12456
Discovery 6 24968 2001 177 123400 -382 -10432 123400 -395 -10440 1234567
Discovery 56 23693 2001 211 43451 -385 -10404 43450 -403 -10398 1234567
Garrett 57 23642 1999 276 211022 -1333 -11118 21011 -1383 -11146 12356
Garrett 52 23775 2001 222 234942 -1350 -11202 234942 -1343 -11174 1234567
Gofar 56 23365 1997 84 80925 -448 -10549 80928 -465 -10555 123456
Gofar 57 23564 1997 97 175305 -446 -10526 175309 -460 -10528 123456
Gofar 62 23784 1997 227 7:37:56 -439 -10595 73807 -461 -10592 123456
Gofar 55 23691 1999 261 40111 -419 -10484 40138 -460 -10482 12356
Gofar 54 22987 2000 294 194730 -470 -10604 194722 -456 -10590 23456
Wilkes 53 23561 1997 133 05649 -892 -10986 05648 -907 -10982 1245
Wilkes 54 23521 1997 202 7:4648 -867 -10800 74639 -901 -10827 12345
Wilkes 54 23817 1998 281 7:3633 -893 -10978 73619 -908 -10979 12456
Wilkes 53 23767 1999 90 231812 -860 -10951 231811 -924 -10968 12456
Wikes 55 20647 2001 260 164347 -886 -10942 164344 -908 -10956 1234567
Yaquina 53 23623 1996 218 202742 -607 -10716 202744 -622 -10724 12346
Yaquina 55 23583 1999 314 22546 616 -107.16 22558 -621 -107.23 12345
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Figure 1. Location Map of the equatorial EPR showing the location of the NOAA/PMEL
Equatorial Pacific hydrophone array and major tectonic features. The locations of the
seven hydrophones are marked by white stars. White circles indicate the location of
seismic events recorded by the AUH catalog from May 1996 to November 2001.
Overlapping spreading center (OSC) locations are marked by white arrows (seismically
active) and black arrows (no seismicity). Inset: Location of the study area. Dashed black
lines and numbers illustrate the first-order segmentation of the EPR within the study area

(Table 1).
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Figure 2. The Clipperton and Siqueiros transform systems. Plate boundary is delineated
by the white line. Insert: The segmentation of the Siqueiros transform is shown as five
fault segments, S1, S2, S3, S4, and S5, and four ITSCs, SA, SB, SC, SD, (data from
Fornari et al. [1989]). White circles indicate location of AUH recorded seismicity.
Error bars are given by the NOAA/PMEL source location error. CMT focal mechanisms
are shown in red. Relocation to AUH-recorded event is shown by red stars.
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Figure 3. The Quebrada, Discovery, and Gofar transform fault systems. Plate boundary
1s delineated by the white line, and the geometry of the segmented systems (shown in the
inset) is labeled from north to south from the plate boundary data given by Searle [1983].
White circles indicate location of AUH-recorded seismicity. Error bars are given by the
NOAA/PMEL source location error. CMT focal mechanisms are shown in red.
Relocation to AUH-recorded event is shown by red stars.
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Figure 4. The Yaquina transform fault system. Plate boundary is delineated by the
whilte line. The hybrid transform fault geometry (shown at the right panel) is from the
plate boundary given by Lonsdale [1989]. White circles indicate location of AUH-
recorded seismicity. Error bars are given by the NOAA/PMEL source location error.
CMT focal mechanisms are shown in red. Relocation to AUH-recorded event is shown
by red stars.
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Figure 5. The Wilkes transform fault system. Plate boundary is delineated by the white
line, and the geometry of the segmented systems (shown in the inset) is from the plate
boundary data given by Goff et al. [1993]. White circles indicate location of AUH-
recorded seismicity. Error bars are given by the NOAA/PMEL source location error.
CMT focal mechanisms are shown in red. Relocation to AUH-recorded event is shown
by red stars. White boxes indicate the regions shown in Figures 15 and 16.
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Figure 6. The Garrett transform fault system. Plate boundary is delineated by the solid
white line, and the geometry of the segmented systems (shown in the inset) is labeled
from north to south [Hekenian et al., 1992]. White circles indicate location of AUH-
recorded seismicity. Error bars are given by the NOAA/PMEL source location error.
Events recorded in the CMT catalog with CMT source locations are given by the focal
mechanisms. Relocation to AUH recorded event is shown by red stars.
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Figure 7. Northern OSCs. Plate boundary is delineated by the white solid line. In panel
(b) dashed white line indicates the estimated plate boundary of Lonsdale [1985] based on
off-axis segmentation. White circles indicate location of AUH-recorded seismicity, and
blue circles indicate source levels large enough to be recorded in the REB catalog. Error

bars are given by the NOAA/PMEL source location error. Black arrows indicate the
direction of ridge propagation.
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Figure 8. Southern OSCs. Plate boundary is delineated by the white solid line. White
circles indicate location of AUH-recorded seismicity, and blue circles indicate source
levels large enough to be recorded in the REB catalog. Error bars are given by the
NOAA/PMEL source location error. Black arrows indicate the direction of ridge
propagation. CMT focal mechanisms are shown in red. Relocation to AUH-recorded
event is shown by red stars.
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Figure 9. Temporal and spatial statistics of the T-phase catalog of AUH events. (a)
Inter-event times of AUH events within our study region: Small inter-event times indicate
earthquakes occurring closely spaced in time. Large inter-event times indicate a slower
seismicity rate. The coefficient of variation (Cv) describes the tendency for earthquakes
in our study area to cluster temporally. Cv is defined as the standard deviation of the
inter-event times divided by the mean inter-event time. Values for Cv are 0 for a periodic
data set, 1 for Poissonian (random), and > 1 for clustered processes [Kegan and Jackson,
1991]. (b) Inter-event distances of AUH events within our study region. Inter-event
distances are grouped in bins of 100 km. Approximately 55% of recorded earthquakes
occur within 0-100 km of each other. (inset) Inter-event distances grouped in bins of 10
km. This graph is zoomed in to the events occurring within distances of 250 km of each
other to illustrate the large portion of events (nearly 1/3) that occur within 10 km. Cv is
calculated to show the tendency of earthquakes to cluster spatially within our study area.
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Figure 10. The relationship between the brittle area of the transform fault, given by the
segmented brittle area in Table 2, with (a) total seismic moment released, M,, as recorded
in the CTM catalog and (b) total number of recorded AUH events. Linear fit is shown by
solid lines, with the corresponding R” fit values given.
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Figure 11. Number of recorded AUH events vs. transform fault segment length (Table
3).
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Figure 12. Earthquakes recorded in the CMT for each transform fault from 1976-2006.
Event size is scaled based on CMT recorded magnitude (Mw).
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Figure 13. Recorded AUH events for each transform fault over the study period (1996-
2002) plotted as their projected along-transform location. Earthquakes are projected back
to the transform fault using Eulor pole location and great circle rotation for each
transform fault. ITSC location for each transform fault is indicated by the gray dashed
lines. CMT recorded events are given by red circles, scaled to their recorded magnitude.
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Figure 14. Time distribution of AUH events on each of the transform faults shown by 1
month bins. (Still nee to add CMT events and increase y-axis)
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Figure 15. OSC latitude vs. the timing of all recorded AUH events at each OSC to show
rate and migration of seismicity. Black arrows indicate the propagation direction for each
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respectively, illustrating migration of earthquakes.
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Insets in (c) and (f) are blowups of particular event sequences x and vy,
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Figure 16. Two earthquake sequences recorded on the Wilkes nannoplate boundary: (b)
and (c), December 6-10, 1998; and (d) and (e), May17-26, 1999. Plate boundary is
indicated by the solid white line (a, b, and d) and solid black line (¢ and e). Dashed white
line (a, b, and d) and dashed black line (¢ and e) marks the location of the Wilkes
nannoplate as discussed in Goff et al. [1993]. Earthquake locations are given by dots in
panels (b) and (d) with location errors shown. Panels (¢) and (e) illustrate the time
progression of each earthquake sequence.
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Figure 17. The June 1-5, 20001 seismicity sequence along the W2 segment of the
Wilkes transform fault system. Plate boundary is indicated by the solid white line (a and
b) and solid black line (c). (b) Earthquake locations, dots, with location errors shown.
(c) Time progression of the earthquake sequence.
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